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PREFACE 


Soon  after  its  founding  in  1 952,  the  Advisory  Group  for  Aerospace  Research  and  Development  recognized  the  need 
Idr  a  comprehensive  publication  on  flight  test  techniques  and  the  associated  instrumentation.  Under  the  direction  of  the 
AGARD  Flight  Test  Panel  (now  (he  Flight  Mechanics  Panel),  a  Flight  Test  Manual  was  published  in  the  years  1 954  to  1956. 
The  Manual  was  divided  into  four  volumes:  1.  Performance,  II.  Stability  and  Control,  III.  Instrumentation  Catalog,  and  IV. 
Instrumentation  Systems. 

As  a  result  of  developments  in  the  field  of  flight  test  instrumentation,  the  Flight  Test  Instrumentation  Group  of  the 
Flight  Mechanics  Panel  was  established  in  1 968  to  update  Volume  III  and  IV  of  the  Flight  Test  Manual.  Upon  the  advice  of 
the  Group,  the  Panel  decided  that  Volume  111  would  not  be  continued  and  that  Volume  IV  would  be  replaced  by  a  series  of 
separately  published  monographs  on  selected  subjects  of  flight  test  instrumentation:  the  AGARD  Flight  Test 
Instrumentation  Series.  The  first  volume  of  the  Series  gives  a  general  introduction  to  the  basic  principles  of  flight  test 
instrumentation  engineering  and  is  composed  from  contributions  by  several  specialized  authors,  Each  of  the  other  volumes 
provides  a  more  detailed  treatise  by  a  specialist  on  a  selected  instrumentation  subject.  Mr  W.D.Macc  and  Mr  A.Pool  were 
w  illing  to  accept  the  responsibility  of  editing  the  Series,  and  Prof  D.Bosman  assisted  them  in  editing  the  introductory  volume. 
In  1 975  Mr  K.C.Sanderson  succeeded  Mr  Mace  as  an  editor. 

Special  thanks  and  appreciation  arc  extended  to  Professor  T.van  Oosterom,  NE,  who  chaired  the  Group  from  its 
inception  in  1 968  until  1 976  and  established  many  of  the  ground  rules  under  which  the  Group  operated,  to  the  late 
Mr  N.O, Matthews,  UK,  who  chaired  the  Group  during  1977  and  1978  and  to  Mr  F.N.Stoliker,  US,  who  chaired  the  Group 
from  1979  until  its  termination  in  1981. 

In  1 98 1  the  Flight  Mechanics  Panel  decided  that  the  Group  should  also  supervise  a  new  series  of  monographs  in  the 
field  of  Volumes  I  and  II  of  the  Flight  Test  Manual.  The  Group  was  therefore  renamed  Flightiest  Techniques  Group. 

I  lowever,  this  Group  also  continues  the  publication  of  the  volumes  in  the  Flight  Test  Instrumentation  Series.  The  Group 
gratefully  remembers  the  way  Mr  Stoliker  chaired  the  Flight  Test  Techniques  Group  during  1 98 1  and  1 982  and  marked  the 
outlines  for  future  publications. 

It  is  hoped  that  the  Flight  Test  Instrumentation  Series  will  satisfy  the  existing  need  for  specialized  documentation  in  the 
field  of  flight  test  instrumentation  and  as  such  may  promote  a  better  understanding  between  the  flight  test  engineer  and  the 
instrumentation  and  data  processing  specialists.  Such  understanding  is  essential  for  the  efficient  design  and  execution  of 
(light  test  programs. 

In  tlu  preparation  of  the  present  volume  the  members  of  the  Flight  Test  Techniques  Group  listed  below  have  taken  an 
active  part.  AGARD  has  been  most  fortunate  in  finding  these  competent  people  willing  to  contribute  their  knowledge  and 
time  in  the  preparation  of  this  volume. 


Bogue,  R.K. 

NASA/US 

Borek,  R.W. 

NASA/US 

Bothe,  H. 

DFVLR/GE 

Bull.  F..J. 

A&AEE/UK 

C'arabelli,  R. 

SAI/IT 

Galan,  R.C. 

CEV/FR 

Lapchine,  N. 

CEV/FR 

Moreau,  J. 

CEV/FR 

Norris,  E.J. 

A&AEE/UK 

Phillips,  A.D. 

AFFTC/US 

Pool,  A.  (editor) 

NLR/NE 

Sanderson,  K.C. 

NASA/US 

J.T.M.van  DOORN,  NLR/NE 
Member,  Flight  Mechanics  Panel 
Chairman,  Flight  Test  Techniques  Group. 
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TRAJECTORY  MEASUREMENTS  EOK  TAKE-OFF  AND  LANDING  TESTS 
AND  OTHER  SHORT-RANGE  APPLICATIONS 


by 


P.  de  Benque  d'AguC 
Centre  d'Easala  en  Vol 
Bretlgny-sur-Qifge 
France 


H.  Riebeek  A.  Pool 

Fokker  B.V.  National  Aeroapace  Laboratory  NLR 

Amsterdam  Amsterdam 

The  Netherlands  The  Netherlands 


This  AGARDograph  presents  a  review  of  the  methods  that  are  used  for  short-range  trajectory  measure¬ 
ments.  Chapter  2  briefly  reviews  the  instrumentation  requirements  of  the  applications!  take-off  and 
landing  performance  measurement,  autoland  performance  measurement,  noise  measurement  and  flight  inspection 
of  radio  beacons.  The  remainder  of  the  AGARDograph  discusses  the  methods  used  for  such  applications,  and 
is  subdivided  into  optical  methods  (including  lasers) ,  methods  using  radio  or  radar  and  methods  using 
inertial  sensing  systems. 


1  INTRODUCTION 


Scope  of  this  volume 


The  purpose  of  this  AGARDograph  is  to  review  all  methods  for  measuring  short-range  aircraft  trajec¬ 
tories  and  to  present  guidelines  to  flight  test  englnetrs  on  how  to  choose  the  method  of  trajectory 
measurement  that  will  beat  suit  his  requirements.  Section  1.2  discusses  the  major  aspects  that  esn  affect 
auch  a  choice. 

When  this  AGARDograph  was  originally  planned  it  was  intended  that  it  should  rover  only  methods  of 
trajectory  measurement  for  take-off  and  landing  performance  assessment.  During  the  preparation  it  became 
clear  that  many  of  the  methods  used  for  that  one  purpose  are  also  applied  in  other  areas  of  flight 
testing.  It  was  then  decided  that  trajectory  meaauramants  used  in  three  other  fields  should  also  ba 
covered.  These  fields  are: 

-  flight  testing  of  autoland  systems 

-  noise  measurement 

-  flight  evaluation  of  radio  navigation  aids 

Each  of  the  four  areas  of  flight  testing  mentioned  above  haa  its  own  apeclfic  requirements  which 
affect  the  choice  of  the  method  of  trajectory  measurement  to  be  used.  Even  within  each  araa,  tha  require¬ 
ments  may  differ  according  to  the  details  of  tha  purpose  of  the  tait.  To  give  the  reader  some  insight  into 
the  main  requirements  for  each  application,  Chapter  2  describes  in  general  terms  aach  of  the  areas  of 
flight  testing  mentioned  above.  These  sections  do  not  give  detailed  treatises  on  ell  aspects  of  these 
flight  test  methods,  but  concentrate  on  those  aspacte  that  are  directly  concerned  with  the  reaevrement  of 
the  trajectory.  For  each  of  tha  four  areas  of  flight  testing  tha  discussion  is  divided  into  fivr  parts: 

-  The  objectives  of  the  flight  teste  in  which  trajectory  measurements  are  required 

-  The  government  requirements  concerning  the  flight  tests  and  the  app] icauiuu  of  the  results 

-  Tha  execution  of  the  flight  tests 

-  Specific  requirements  regarding  data  processing 

-  Accuracy  requirements  for  the  trajectory  measurements. 

Section  2,2  on  take-off  and  landing  measurements  goes  into  more  detail  man  the  other  sections,  because 
there  is  very  little  literature  on  ;Rat  subject.  The  remaining  sections  are  much  shorter,  as  good  refer¬ 
ences  to  other  literature  can  ba  given  t.i 
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The  later  chap i era  describe  the  met  a. -I  of  trajectory  measurement  that  ere  in  u.se  today.  The  methods 
are  divided  Into  tl.iee  groups: 

-  Optical  methods,  Including  la;..-i  method:)  (Chapter  3) 

-  Radio  and  radar  method#  (Chapter  4) 

-  Methods  using  inertial  sensing  system..  (Chapter  5). 

Most  of  the  method:,  are  still  in  use  at  the  present  time.  Only  in  Section  3.3.2  and  4.4.4  very  brief 
descriptions  are  given  of  methods  that  are  t.ulduu.  used  now,  but  have  a  strong  historic  interest. 

In  soma  of  the  methods  described  in  Chapters  4  and  5  equipment  is  used  that  is  in  general  operational 
use  in  aviation  (ground  radars,  DME  receivers,  inertial  platforms,  etc).  In  these  cases  the  description  of 
the  equipment  has  been  kept. .very  brief,  and  the  treatment  is  restricted  to  discussions  on  accuracy  and  on 
special  aspects  such  as  data  processing,  in  all  methods  described  in  Chapter  3  find  in  some  in  Chapter  4 
Che  equipment  used  for  the  trajectory  measurements  is  not  standard  aviation  equipment.  In  thoBe  cases  the 
description  has,  in  principle,  been  set  up  along  the  following  lines: 

1.  General  principle  of  the  method 

2.  Brief  description  of  one  specific  version  of  the  hardware 

3.  Special  procedures  for  setting  up  the  equipment 

4.  Data  processing 

5.  Accuracy 

6.  Review  of  the  different  versions  of  the  method  that  are  in  use  and  of  the  applications  for 
which  they  are  aultable. 

If  suitable  references  are  available  these  are  given  and  tha  treatment  is  relatively  brief.  The  kinetheo- 
dolite  method  is  discussed  in  some  detail  in  Section  3.2  because  it  is  still  regarded  by  many  as  the  moat 
accurate,  adaptable  and  reliable  method  and  because,  curiously  enough,  thara  is  very  little  accessible 
literature  on  that  subject.  A  few  of  the  aspects  discussed  there  in  some  detail  are  also  of  Interest  to  some 
of  the  other  methods. 


1.2  Choosing  a  system  for  a  particular  application 

Where  so  many  different  methods  are  available,  the  choice  of  the  best  method  for  a  particular  appli¬ 
cation  must  be  a  rather  subtle  process,  in  this  section  a  few  of  the  main  aspects  that  determine  that 
choice  are  reviewed  in  order  to  assist  the  reader  in  making  an  optimal  choice.  The  sequence  in  which  these 
aspects  are  given  here  is,  to  a  certain  extent,  arbitrary.  The  aspects  which  carry  the  most  weight  will 
depend  on  the  circumstances. 

The  most  important  aspects  that  affect  a  choice  of  method  are: 

-  Accuracy.  As  a  general  rule,  cost,  complexity,  elaborateness  of  data  processing,  etc.  increase 
disproportionally  with  the  required  accuracy.  Careful  assessment  of  the  required  accuracy  is, 
therefore,  required.  If  high  accuracy  is  not  required,  methods  based  on  the  uBe  of  generally 
available  radio  beacons  may  be  of  Interest,  with  easily  available  measuring  equipment  and  manual 
processing  of  the  data.  Many  of  the  more  complex  high-accuracy  methods  (kinetheodolltes,  onboard 
cameras,  laser  trackers)  provide  accuracies  of  about  the  same  order,  so  that  other  sspects  must 
determine  which  method  should  be  used. 

-  Availability  and  experience.  All  methods  require  much  experience  and,  in  some  cases,  complex 
computer  software  to  produce  optimal  results.  A  less  accurate  method  for  which  all  problems  and 
error  sources  are  well-known  through  years  of  experience  may  well  provide  more  accurate''~and 
reliable  results  than  a  new  method  that  is  in  principle  more  accurate,  but  is  not  applied 
properly  in  all  details. 

-  Processing  time.  If  processing  time  is  of  interest,  all  methods  requiring  the  reading  of  pictures 
(kinetheodolltes,  on-board  cameras)  have  great  disadvantages.  The  use  of  computers  can,  once  the 
software  is  available  and  tested,  greatly  increase  the  processing  speed.  If  decisions  have  to  be 
made  during  the  course  of  the  testB,  real-time  computation  will  be  necessary,  unless  the  decisions 
can  be  based  on  the  (limited)  observations  by  special  observers. 
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On-board  or  gi.,.,..!  measurements.  If  the  flight  tools  are  to  be  done  at  locations  where  suitable 
ground  mc.ii.ur log  equipment  Is  not  uvallablc,  m  must  be  executed  at  many  different  locations, 
then  the  use  of  measuring  equipment  that  Is  installed  in  the  aircraft  (on-bourd  cameras,  lnartlal 
systems  with  updates  that  can  be  measured  on  board  the  aircraft)  may  provide  the  best  solution. 

If  the  tests  arc  done  at  an  airport,  portable  objects  (the  corner  reflectors  In  the  method  de¬ 
scribed  in  Section  5.3.4  and  the  special  radio  beacon  in  that  of  Section  5.3,2),  which  produce 
signals  that  can  be  recorded  on  board  the  aircraft,  can  be  carried  to  the  location  of  the  teats 
In  the  aircraft.  On  the  other  hand,  tha  use  of  ground-based  equipment  at  specially  Instrumented 
airports  with  experienced  operators  can  also  have  great  advantage*. 

Cost.  Cost  effectiveness  is  in  all  cases  a  decisive  factor,  at  the  cost  of  each  method  must  be 
weighed  against  the  gain  achieved.  Very  costly  equipment  may  be  coat  effective  If  the  equipment 
must  be  used  frequently  or  If  the  added  accuracy  is  economically  advantageous  (nee  the  argument 
at  the  beginning  of  Section  2.2.5). 
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2  APPLICATIONS  OF  SHORT-RANGE  AIKGKAET  TRAJECTORY  MEASUREMENTS 

2. I  Introduction 


In  this  chapter  brief  description:,  are  given  of  the  applications  of  aircraft  trajectory  measurements 
for  the  assessment  of  take-off  and  lauding  performance  and  for  tha  other  objactlves  mentioned  In  Chapter 
1.  These  descriptions  do  not  give  Information  on  all  details  of  the  execution  of  the  the  tests  and  of  tha 
interpretation  of  tha  results,  but  concentrate  on  the  background  Information  that  is  necessary  for 
choosing  the  most  suitable  method  of  trajectory  measurement  for  each  application. 


2.2  Take-off  and  landing  performance  measurement 


2.2.1  Objectives 


The  objectives  of  taka-off  uud  landing  performance  measurements  can  be  divided  into  several 
categories: 

-  Evaluation  of  the  take-off  and  landing  characteristics  of  new  aircraft,  usually  as  a  prepara¬ 
tion  for  certification  measurements 

-  Certification,  which  means  the  determination  of  the  performance  data  required  for  the  produc¬ 
tion  of  the  aircraft  flight  manual  according  to  the  rules  laid  down  in  the  relevant  airworthiness 
requirements 

-  Collection  of  data  for  further  improvement  of  performance  prediction  models 

-  Collection  of  data  for  the  further  development  of  the  aircraft  type  that  Is  being  tested, 

Although  the  requirements  for  the  method  of  trajectory  measurement  will  be  similar  for  all  four 

categories  for  a  given  aircraft  type,  each  category  has  a  few  specific  requirements.  In  the  evaluation 
phas-  quick  data  turn-around  is  more  Important  than  high  accuracy.  Real-time  analysis  Is  desirable, 
f  •  ecessary  with  a  less  accurate  quick-look  measuring  system.  In  the  certification  phase,  where  a  large 
lumber  of  take-offs  and  landings  must  be  executed  within  a  short  time,  reliability  and  consistency  of  the 
measuring  equipment  are  of  primary  Importance.  For  these  first  two  categories  the  emphasis  Is  mainly  on 
distance  and  height  measurements,  us  these  are  the  basis  for  the  certification.  For  the  devalopsient  of 
performance  prediction  models  the  aircraft  speed,  acceleration  and  attitude  are  often  of  great  Importance. 

If  the  information  for  the  latter  two  objectives  must  be  mainly  obtained  from  the  data  collected  during 

the  certification  phase,  which  Is  often  the  case  as  flight  tests  are  very  costly,  then  the  equipment  used 

for  certification  must  also  meet  the  special  requirements  of  these  two  objectives. 

Other  Important  criteria  for  the  selection  of  tho  trajectory  measuring  equipment  may  be: 

-  The  possibility  of  executing  flight  tests  on  airfields  other  than  the  flight  test  bass.  This 
may  be  specifically  required  for  the  measurement  of  the  acceleration  and  deceleration  perfor¬ 
mance  on  runways  with  a  non-standard  surface  such  as  gravel,  sand  or  grass,  runways  covered 
with  water  or  slush,  or  on  runways  at  high  altitude  or  in  arctic  or  tropic  regions. 

-  The  possibility  of  using  the  system  in  aircraft  other  than  the  specific  "prototype"  aircraft. 

Especially  when  later  developments  of  an  aircraft  type  must  be  tested,  for  example  for  an  In¬ 
crease  in  all-up  weight,  the  flight  tests  will  often  have  to  be  executed  in  normal  production 

aircraft.  If  the  measuring  system  can  be  easily  Installed  in  such  aircraft,  this  may  appreciably 

reduce  the  flight  test  costs  In  such  esses  and  that  may,  in  the  long  run,  provide  a  reduction 

in  the  overall  flight  test  costs. 


Airworthiness  requirements 


2.2. 2.1  Government  regulations 


All  new  civil  aircraft  types  and  all  civil  aircraft  darlved  from  an  existing  type  by  important 
modifications  have  to  be  certified  according  ;o  tha  relevant  national  airworthiness  standards  before  they 
can  be  registered  In  a  country.  As  an  example,  the  US  airworthiness  requirements  for  tht  take-off  and 
landing  performance  of  aircraft  are  part  of  four  Fedaral  Aviation  Regulations  (FARs,  Refs,  1-4).  In  many 
other  countries  the  FARs  have  been  accepted  as  national  standards,  sometimes  with  small  national  variants. 
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In  other  countrli.-,  notably  the  UK  (Kot.  5),  the  national  i.i.mdarilH  have  been  derived  Independently  from 
the  FAKs  and  show  larger  differences.  Kr.ently  the  Airvor  t  h  I  in' Authorities  Steering  Committee,  founded 
by  several  Kurope.i.i  countries  Including  the  UK,  haa  approved  two  Joint  Airworthiness  Requirements  (JARs, 
Ref.  6-7).  JAR  25  is  based  on  FAR  25,  but  "there  arc  a  numbei  of  areas  in  which  variations  and  additions 
have  been  considered  necessary"  and  in  a  few  cases  "national  variants”  are  declared.  For  the  supersonic 
Concorde  aircraft  a  special  standard  (Kuf.  8)  has  been  agreed  by  the  UK  and  France. 

These  civil  airworthiness  standards  define; 

-  the  minima  to  be  observed  and  the  limits  to  be  determined  in  aircraft  performance  and  handling 
characteristics,  based  on  accepted  safety  standards 

-  the  performance  data  which  have  to  be  determined  and  published  in  the  Flight  Manual. 

The  discussions  in  the  following  sectiuus  will  be  mainly  baaed  on  FAR  25  and  JAR  25.  These  requirements 
give  only  general  rules.  To  assist  in  the  interpretation  of  the  formal  rules  in  the  FAR,  guidelines  have 
been  published  in  Reference  9;  similar  guidelines  for  the  JAR  are  given  in  a  final  chapter.  The  details 
about  test  methods  and  the  accuracieu  that  oust  be  achieved  are,  for  each  certification,  agreed  between 
the  certifying  authority  and  the  manufacturer. 

For  military  aircraft  no  general  standards  like  FAR  and  JAR  exist.  The  tasks  ui  military  aircraft  are 
so  diverse  that  no  general  rules  can  be  given.  The  requirements  are  specified  in  each  individual  design 
contract  for  the  special  missions  for  which  the  aircraft  must  be  designed.  The  general  flight  test  philo¬ 
sophies  for  military  aircraft  have  been  laid  down  in  publications  by  the  military  certifying  authorities 
In  the  different  cuuntrics,  e.g.  in  References  10  to  12. 


2. 2. 2. 2  Requirements  concerning  take-off  and  landing  distances 

To  determine  the  data  that  must  be  published  in  the  Flight  Handbook,  distances  must  bo  measured  for 
each  take-off  and  landing  configuration  (flap/slat  position)  for  the  following  cases: 

-  Continuous  take-off  (CTO) .  The  CTO-distance  is  the  distance  covered  from  standstill  to  a 
screen  height  of  35  feet.  The  CTO-di ttancea  muBt  be  determined  ever  the  full  thrust/weight 
range  with  all  engines  operating,  and  also  with  one  engine  lnoperetlve  from  a  critical  engine 
failure  point.  Trajectory  data  must  provide  the  distances,  ground  speeds  and  accelerations  in 
horizontal  and  vertical  direction. 

-  Rejected  take-off  (RTO).  The  RTo-distance  is  the  distance  covered  by  the  aircraft  accelerating 
from  standstill  to  a  specific  engine  failure  speed  and  then  decelerating  to  standstill.  The  RTO 
performance  must  be  measured  for  a  range  of  engine  failure  speeds  and  the  effect  of  the  available 
deceleration  aids  (lift  sailers,  speed  brakes,  automatic  brake-pressure  control  system)  must 

be  determined.  Trajectory  data  are  used  to  determine  distances,  ground  speeds  and  decelerations 
in  horizontal  directions. 

-  Landing.  The  landing  distance  is  the  distance  covered  from  a  height  of  50  feet  above  the  runway 
to  standstill.  The  effect  of  the  braking  aids  available  in  the  aircraft  on  the  landing  distance 
must  be  determined.  Trajectory  data  are  used  to  determine  the  distances,  ground  speeds  and 
decelerations  in  horizontal  and  vertical  directions. 

Besides  these  measurements  under  normal  conditions,  verification  is  required  that  the  performance  is 
still  sufficlen:  under  a  few  specified  "abused  conditions": 

-  It  must  be  shown  that  an  all-engine  CTO  with  an  early  and  fast  rotation  does  not  result  in  a 
marked  Increase  of  the  take-off  distance  over  that  established  for  normal  conditions.  in»"early 
rotation"  means  an  initiation  of  the  rotation  10  kts  or  7  X  (whichever  is  less)  below  the 
scheduled  rotation  speed.  A  "marked  increase"  means:  mors  than  1  percent  of  the  scheduled  distance. 

-  It  must  be  shown  that,  if  the  aircraft  is  mistrimmed  during  a  normal  CTO,  there  will  be  no 
"marked  increase"  over  the  scheduled  take-off  distance. 

-  It  must  be  shown  that,  when  the  rotation  is  initiated  5  kts  below  the  scheduled  rotation  speed 
during  a  CTO  with  one  engine  out,  the  diet. nee  does  not  exceed  the  scheduled  distance. 
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2.2.2. 3_  Require  menus  concerning  speeds 

liutuic  smiling  the  trajectory  measurement  a  for  certification,  the  manufu,  turer  must  define  the  speed 
schedule  for  which  the  certification  is  requested.  The  take-off  procedure  for  n  given  aircraft  weight, 
centre  of  gravity  position  and  configuration  (flap  position,  slat  position,  external  stores,  etc.)  is 
defined  by  three  (calibrated)  airspeeds  (see  Figure  1): 

V.  -  the  engine  failure  recognition  speed  -  if  an  engine  fails  before  this  spued,  the  take-off  must  be 
discontinued 

VR  -  the  rotation  speed  -  at  this  speed  the  rotation  to  lift-off  must  be  initiated,  followed  by  a  rotation 
procedure  that  results  in  a  lift-off  speed  (V^)  from  which  will  be  reached  at  the  required  point. 
-  the  take-off  safety  speed  -  this  speed  must  have  been  reached  before  the  aircraft  is  at  a  screen 
height  of  35  feet;  during  an  all-engine  take-off,  the  speed  at  that  poiut  is  usually  higher  than 
For  certification  it  oust  be  shown  that  the  requirements  mentioned  further  on  in  this  section  are  met  if 
the  take-off  is  based  on  these  speed  values. 

For  landings,  FAR  25  requires  the  definition  of  only  one  speed  for  each  landing  weight  and  configura¬ 
tion:  the  minimum  constant  approach  speed  at  50  feet  height.  The  British  standard  defines  a  few  addi¬ 
tional  constraints  on  the  speed  scheduling.  In  JAR  25  both  methods  are  given  and  certification  can  be  ob¬ 
tained  on  the  basis  of  either  method. 

The  requirements  for  certification  make  use  of  a  number  of  speed  values  that  oust  be  measured 
separately: 

vs  -  the  free-flight  stalling  speed 

V  -  the  free-flight  minimum  control  speed 
ML 

V  -  the  minimum  control  speed  on  the  ground 

V  -  the  minimum  unstick  speed  -  the  speed  at  which  the  aircraft  can  lift-off  and  continue  flight 

nU 

safely;  this  speed  can  be  limited  by  the  maximum  ground  angle  ("geometry  limitation"). 

In  addition,  the  time  interval  between  an  engine  failure  and  the  moment  the  pilot  has  recognised  and  reacted 
to  that  failure  must  be  measured.  This  time  difference  defines  the  difference  between  the  engine-failure 
speed  VEF  and  V^.  FAR  25  also  defines  two  additional  speed  values  and  a  gradient  of  climb  that  play  a  part 
in  the  requirements  for  certification: 

V2  «  the  minimum  take-off  safety  speed 

min  «  1 . 2  Vg  or  1.1  VMC  for  two  and  three  engined  aircraft 

«  1.15  Vg  or  1.1  VM(,  for  aircraft  with  more  than  three  engines 

V  -  the  minimum  lift-off  speed  after  a  maximum  practicable  rate  of  rotation  6  . 


Y  «  the  gradient  of  climb  with  the  undercarriage  retracted,  the  aircraft  in  the  take-off  configu¬ 

ration  and  the  critical  engine  inoperative.  For  2-engined,  3-engined  and  4-englned  aircraft 
this  gradient  must  not  be  less  than  2.4  X,  2.7  X  and  3  X,  respectively. 

The  airworthiness  requirements  state  that  the  speeds  mentioned  at  the  beginning  of  this  section  must 
be  chosen  so  that: 
scheduled  <  VR 

*  VEF 

scheduled  V,  j  V. 

min 

■  VR  +  the  speed  increment  obtained  before  reaching  35  feet  height  (for  the  CTO  wfth 
1  engine  out  and  with  a  normal  rate  of  rotation) 
scheduled  V„  j,  V, 


>  1.05  VMC 

scheduled  VEF  j.  VMCG 

This  must  result  in: 


^  1.10  with  all  engines  operating 

>,  1.08  with  all  engines  operating  if  V^y  is  "geometry  limited", 

j  1.05  V  with  one  engine  out. 


tVtoVrV/i 
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Thu  til,  i  .1  il. limitations  is  shown  in  Figure  2  for  one  special  case:  take-. .tin  with  n-l  engines 
that  an-  ..i.l,  ln„l.«<l  l.y  V  ...  The  figure  shows  (linearised)  lines  for  the  ratios  oi  several  speeds  with  V„ 

MU  b 

as  a  functlaii  ,.l  tin-  tluu.->t-welght  ratio.  The  main  requirement  is  that  should  be  equal  to  or  greater 
than  1.2  V^.;  that  is  shown  by  the  (partly  continuous!  partly  dotted)  horieontal  lino  at  the  top.  If  there 
arc  no  V.  1  imitat  io.a.  >  the  rotation  speed  ratio  V„/V  required  to  reach  V,  at  the  height  of  35  feet  will 
decrease  roughly  linearly  with  the  thrust-weight  ratio  (lower  partly  continuous,  partly  dotted  straight 

line  in  the  figure) .  The  figure  also  shows  the  line  for  «  1,05  V^j,  which  in  this  case  is  assumed 

nln 

to  be  the  Uniting  l.utor.  The  value  of  is  directly  related  to  the  angle  of  incidence  at  lift-off  and 

may  be  determined  by  i, 

I 

-  stalling  ot  the  wing 

n  tuo  high  drag  rise  which  reduces  the  acceleration  of  the  aircraft  to  aeru 

-  a  limitation  of  the  ground  pitch  angle  (geometric  limitation). 

At  the  point  where  the  vertical  line  is  drawn  V. reaches  the  V.-,  limitation  i.i:.  Vn  +  the  speed  incre- 

LOF^  MU  R 

ment  required  to  rotate  at  the  maximum  rotation  rate  becomes  equal  to  1.05  V^.  For  higher  thrust-weight 
ratios  a  higher  value  of  VR  must  be  used  as  shown  by  the  continuous  line.  This  will  result  in  a  value  of 
at  Che  threshold  height  which  is  higher  than  1.2  Vg,  as  shown  by  the  continuous  line  The  figure  also 
shows  the  lines  for  V  ,  i.e.  the  lift-off  speed  with  a  normal  rats  of  rotation.  It  1b  derived  from  the 

jLUr 

previously  established  line  of  VR  by  adding  the  speed  increment  during  normal  rotation. 


2, 2.2 .4  Extrapolation  of  test  reaulta 

The  main  flight  test  programme  will  normally  be  executed  on  one  test  airfield  and  undar  favourable 
atmospheric  conditions.  This  means  that  the  flight  test  results  represent  a  limited  sample  from  the 
operational  envelope  to  be  published  in  the  alrcreft  flight  handbook.  As  a  normal  practice,  the  following 
flight  envelope  must  be  covered  in  a  flight  handbook: 

Aircraft  weight:  operational  empty  weight  to  structural  weight  or  permissible  weight  limited  by 
minimum  climb  requirements. 

Runway  slope:  2  1  downhill  to  2  X  uphill.  Operational  experience  has  shown  that  this  slope  range 
covers  most  operational  conditions. 

Airport  altitude:  sea  level  to  up  to  8000  feet.  The  tests  must  be  performed  at  an  airfield  altitude 
between  sea  level  and  2000  ft.  Extrapolation  to  other  altitudes  la  subject  to  the  following  rules; 

-  If  proven  test  and  data  processing  methods  are  used,  for  which  extrapolation  has  previously 
been  verified  by  high-altitude  tests,  then  extrapolation  is  allowed  from  3000  feet  below  to 
6000  feet  above  the  test  altitude. 

-  If  unproven  test  and/or  data  processing  methods  are  used,  extrapolation  is  allowed  from 
2000  feet  below  to  2000  feet  above  the  test  altitude. 

-  Extrapolation  outside  these  ranges  is  possible  if  a  specified  conservatism  is  included  in  the 
extrapolation  calculations  or  if  the  extrapolation  is  verified  by  additional  hlgh-altltudt 
flight  tests. 

Air  temperature:  -  50  °C  to  ISA  +  35  *C  (ISA  •  International  Standard  Atmosphere).  These  limits  are 
mainly  justified  by  thrust  specification  limits  for  the  engines.  If  such  thrust  data  are  not  avail¬ 
able,  additional  verification  tests  under  extrer  i  conditions  are  normally  required. 

Wind  speed:  10  lets  tailwind  to  40  kts  headwind.  Experience  has  shown  that  the  wind  range  is  suffi¬ 
cient  to  cope  with  the  operational  conditions  encountered.  When  certification  for  stronger  tail  wind* 
is  wanted,  additional  flight  testing  under  these  wind  conditions  is  required. 
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Extrapolation  of  the  teat  data  to  (has  full  flight  envelope  must  be  baaed  on  analytical  models  which 
adequately  describe  the  relevant  aircraft  performance  and  which  uae  the  actually  measured  data.  Tha 
validity  of  these  models  must  be  carefully  verified  and  must  be  accepted  by  the  certifying  authority.  The 
validity  of  the  results  will  dapend  on: 

-  the  accuracy  with  which  the  analytical  modal  describes  tha  flight  manoeuvre 

-  the  statistical  relevance  of  the  test  data 

-  tha  accuracy  of  tha  measured  trajectory  data. 

Fiiur  to  the  introduction  of  a  new  Instrumentation  system  or  a  new  analysis  uiudel  for  the  determina¬ 
tion  of  aircraft  performance,  a  validation  will  usually  be  required.  For  a  new  method  of  trajectory 
measurement  this  If  often  dene  by  measuring  a  number  of  flights  by  both  the  old  and  the  new  methods,  and 
comparing  the  results. 


•V 

>y 


'j. 


V' 
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2.2,3  The  Important  phases  In  the  flight  teat  programs 
2.2.3. 1  Evaluation  testing 

Thu  main  aspects  of  take-off  and  landing  performance  flight  testing  In  the  development  and  evaluation 
phase,  in  which  trajectory  measurements  play  an  Important  role,  are: 

-  determination  of  the  reference  speeds  (Vg,  V^,  V^c>  etc.)  as  a  function  of  flap/slat  position 

-  determination  of  the  aircraft  handling  procedure  which  can  ba  affectively  reproduced  under 
operational  conditions  with  optimum  performance  in  terms  of  distance 

-  determination  of  the  certification  spaed  schedules 

-  determination  of  the  aircraft  configurations  to  be  certified. 

The  evaluation  test  programme  is  first  set  up  as  an  outline  programme  and  the  programme  details  will 
be  filled  in  as  the  evaluation  progresses.  Tha  test  results  will,  to  a  high  degree,  determine  the  course  of 
action.  This  means  that  the  flight  test  data  must  be  available  for  Interpretation  as  soon  as  possible. 
Real-time  analysis  la  tha  Ideal  in  this  phase.  If  off-line  data  processing  must  ba  used,  the  data  proces¬ 
sing  time  1b  extremely  Important.  Although  the  number  of  tests  la  leas  than  for  the  certification  phase, 
the  choice  of  a  system  with  a  short  date  processing  time  may.  In  many  cases,  be  economically  Justified. 

The  take-off  distance  is,  for  a  given  installed  thrust-to-welght  ratio,  mainly  determined  by  the 
rotatlon-to-lift-of f  phasa  and  the  climb-out  to  35  ft  height.  The  distance  covered  in  these  flight  phases 
depends  on  the  take-off  handling  procedure  used  by  the  pilot.  Except  for  cases  dictated  by  special  opera¬ 
tional  requirements  (when  higher  than  normal  risks  are  acceptabla) ,  the  take-off  procedure  selected  should 
be  such  that  it  can  be  applied  easily  and  consistently  by  pilots.  Careful  optimization  of  this  procedure 
during  the  evaluation  flight  test  phase  can  provide  considerable  economic  benefit  to  the  manufacturer.  As 
small  variations  in  rotation  speed,  rate  of  rotation  and  flight  attitude  can  have  a  significant  sffact  on 
the  distance  achieved,  optimization  can  produce  better  Flight  Handbook  performance. 

When  the  final  speed  schedule  for  the  take-off  has  been  established,  the  relationship  bstween 
take-off  distance  and  take-off  weight  can  be  determined.  In  figure  3  the  dashed  line  shows  the  optimal 
relationship.  A  procedure  based  on  this  line  would,  however,  require  an  Infinite  number  of  flap  settings. 

In  practice,  certainly  for  small  aircraft,  a  limited  number  of  flap  settings  will  be  used.  Tha  number  of 
flap  settings  and  their  distribution  over  the  available  flap-angle  range  must  be  chosen  for  a  minimum 
take-off  penalty  for  tha  runway  lengths  most  likely  to  be  uBed.  From  the  performance  point  of  view  a  larger 
number  of  flap  settings  will  provide  the  best  results.  There  ere,  however,  practical  limitations.  For  each 
flap  setting  a  number  of  take-off  test  runs  must  be  performed  end  analysed  to  provide  the  data  fof  certi- 
fication  and  for  the  Flight  Handbook.  An  increase  in  flap  selection  possibilities  will,  therefore,  increase 
the  certification  period  and  the  costs. 

Figure  3  shows  the  effect  of  a  limited  number  of  flap  settings  on  tbs  rsqulreu  runway  lsngths  versus 

weight.  Since  In  most  casts  the  best  climb  speed  will  be  higher  then  the  minimum  speed  for  shortest  tsks-off 

distance  (V,  >  V.  .  )  a  higher  weight  can  be  carried  at  the  expense  of  required  tske-off  distance.  This 
i  'mm 

will,  partly,  overcome  the  loss  in  take-off  weights  for  a  given  runway  length  due  to  the  limited  numbor  of 
chosen  flap  settings. 

The  final  result  of  the  evaluation  testa  is  a  complete  tsks-off  speed  schedule  for  each  intended  flap 
setting.  The  results  muot  be  available  before  the  certification  test  programme  esn  be  designed  and  execu¬ 
ted.  The  time  required  for  producing  the  evaluation  teat  date  end  the  associated  analysis  time  hsvs  a 
large  Influence  on  the  progress  of  the  test  programme  and  the  achievable  certification  and  delivery  dates. 
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2.2, 3.2  Curtif lcation 

The  evaluation  period  cm  be  characterised  as  the  development  phaae  In  which  thu  configuration  and 
baalc  handling  characteristic!  are  determined.  The  certification  period  can  then  be  characterized  aa  a 
production  phase,  production  of  a  large  number  of  teat  tuns  and  analysis  results. 

The  certification  test  programme,  test  execution,  data  sampling  and  analysis  methods  have  to  be 
designed  to  systematically  produce  the  required  data  for  the  Flight  Handbook  calculations.  The  teat  pro¬ 
grams  has  to  provide  the  necessary  flight  tests  for  demonstrating  that  the  aircraft  meets  the  minimum 
performance  standards  as  laid  down  in  the  applicable  airworthiness  requirements. 

The  number  of  flight  tests  day  be  quite  large.  As  an  example,  for  certification  of  a  small  commercial 
aircraft  type  BO  flight  hours  were  used  for  take-off  and  landing  tests.  The  take-off  performance  was 
determined  for  3  flap  configurations,  the  landing  performance  for  2  flap  configurations.  In  the  table 
below  a  break-down  of  a  basic  test  programme  la  given  in  numbers  of  test  runs  performed.  For  more  complex 
aircraft  the  number  of  test  runs  may  be  higher. 


Flight  tests: 

Runs 

Total 

Continuous  take-off  (CTO)  teats 

all  engines  operating 

50 

one  engine  made  inoperative 

60 

no 

Abused  CTO  demonstration  tests 

27 

Take-off  speed  schedule  determination 

28 

Minimum  unstick  speed  determination 

35 

90 

Rejected  take-off  performance 

95 

Ground  friction  and  aircraft  drag  on  the  ground 

15 

no 

Landing  performance  determination 

70 

jBO 

The  regulations  require  that  the  data  on  the  one-engine-out  take-off  in  the  Flight  Handbook  be  based 
on  a  complete  loss  of  power.  ThlB  can  only  be  simulated  by  interrupting  the  fuel  flow  to  the  engine.  Such 
a  procedure  might  be  acceptable  for  a  ssuill  number  of  test  runs,  but  the  required  number  of  ona-anglne-out 
runs  is  such  that  the  risk  of  damage  due  to  thermal  shock  to  the  calibrated  test  englnes,Jand  consequently 
an  engine  change  during  the  execution  of  the  programme)  is  too  high.  To  avoid  engine  damage,  engine 
failure  is  usually  simulated  by  closing  down  the  throttles  to  idle.  The  run-down  time  of  a  jet  engine  is, 
however,  very  long.  If  the  engine  is  throttled  back  to  Idle  at  Vj,  the  residual  thrust  during  the  rotation 
and  air  distance  phases  will  Influence  the  test  results.  In  order  to  reduce  this  effect,  a  procedure  la 

used  in  which  the  engine  is  closed  down  to  idle  somewhat  earlier  during  the  acceleration  phase  prior  to 

rotation  to  lift-off. 

In  planning  these  tests,  consideration  must  be  given  to  the  possibility  of  genuine  loss  of  thrust 
from  one  of  the  remaining  engines.  The  pilot  must  be  briefed  fully  on  the  procedure  that  must  be  followed 
in  that  event.  If  possible,  the  tests  should  be  done  on  a  very  long  runway,  on  which  the  aircraft  could 
still  land  if  a  second  engine  failed  during  the  critical  phase  after  has  been  passed.  If  this  i*..  not 

possible,  the  tests  should  be  made  with  the  test  engine  throttled  to  a  condition  such  that  It  can  be 

opened  up  rapidly  in  an  emergency.  The  correction  for  the  remaining  thrust  will  then  be  more  difficult’. 

The  test  programme  will  preferably  be  executed  as  one  consecutive  series.  Constraints  will  be 

-  availability  of  a  suitable  airport  with  a  low  traffic  density 

-  prolonged  favourable  weather  conditions,  l.e.: 

.  No  precipitation 

.  Low  wind  speed.  Flight  tests  will,  normally,  not  be  allowed  if  the  total  wind  speed  is  greater 
than  8  kts,  if  there  is  a  headwind  greater  than  7  kts  or  if  there  Is  a  crosswind  greater  than 
5  kts.  Tail  winds  will  generally  be  avoided  during  the  flight  tests 
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.  ITo  convection  tuibulunce.  Teste  executed  under  conditions  of  high  cunvuctlon  turbulence  or 
when  there  are  uxi-ftislve  temperature  gradients  close  to  the  ground  umy  provide  trajectories 
that  are  not  representative  of  normal  aircraft  performance.  No  testing  should  be  done  while 
such  Conditions  prevail. 

In  general,  a  complete  take-off  and  landing  certification  programme,  as  described  above,  can  be  executed 
within  4  weeks, 


2, 2, 3, 3  Analysis  for  the  further  development  of  the  ulrcraft  and  for  e  better  understanding  of  the  basic 

phenomena 

in  the  evaluation  and  certification  taste  discussed  in  the  previous  sections  the  main  emphasis  Is  on 
obtaining  the  certification  of  a  particular  aircraft  type  within  a  limited  time.  The  developmsnt  of  both 
the  speed  schedule  and  the  analysis  model  Is  primarily  based  on  the  basic  phenomena,  supplemented  by  the 
results  of  the  flight  tests  for  the  particular  aircraft.  In  the  analysis  model  empirical  elements  are  used 
because  the  effects  of,  for  instance,  ground  effect  on  the  aerodynamic  forces  and  friction  are  Imperfectly 
understood. 

Due  to  the  high  pressu/o  of  work  during  a  period  of  prototype  testing  there  Is  little  opportunity  for 
a  basic  analysis  of  the  data.  The  analysis  will  generally  be  concentrated  on  those  aspects  which,  on  the 
basis  of  previous  experience,  were  known  to  be  critical.  The  flight  test  results  contain,  howsvsr,  a 
wealth  of  Information  which  may,  after  further  analysis,  be  used  for  mors  precise  generalisations  of  the 
aircraft  performance  as  a  function  of  the  basic  aerodynamic  parameters  and  for  verifying  the  assumptions 
used  in  the  previous  analysis.  For  Instance,  such  further  analysis  may  provide  important  information  for 

-  improvements  in  performance  prediction  methods 

-  studies  on  possible  areas  of  Improvement  In  the  design  of  future  versions  of  the  aircraft  tested, 
and  for  the  future  design  of  new  aircraft 

-  a  better  Insight  in  the  application  of  wind-tunnel  data  to  full-alts  aircraft 

-  the  design  of  flight  simulators. 

The  requirements  for  such  further  analysis  should  be  taken  Into  account  when  planning  tha  flight 
testing  of  prototype  aircraft.  Special  attention  should  be  paid  to  the  following  aspects: 

-  The  specification  of  the  accuracy  of  the  measuring  system.  For  the  trajectory  measurements,  for 
instance,  a  high  accuracy  in  the  acceleration  measurements  Is  more  Important  for  this  analysis 
than  for  the  actual  certification, 

•  The  storage  of  the  flight  tsst  data  after  certification.  Good  accessibility  and  a  good  indexing 
system  can  considerably  facilitate  this  future  analysis. 


2,2.4  Analysis  of  test  results 

This  section  presents  a  brief  discussion  of  the  analysis  of  take-off  and  landing  performance  measure¬ 
ments.  It  only  gives  a  broad  outline  of  the  methods  used  and  presents  the  main  equations,  in  order  to 
provide  a  basis  for  the  discussion  on  the  choice  of  the  measurement  systems  In  the  next  section. 

The  certification  and  the  flight  manual  information  must  cover  a  continuous  range  of  such  variables 
as  wind  velocity,  barometric  pressure,  temperature  and  runway  slops.  It  is  Impossible  to  exocuts  flight 
tests  for  all  combinations  of  values  of  these  parameters.  To  cover  all  these  combinations,  a  mathematical 
model  which  can  be  verified  and  updated  from  tha  flight  test  results  Is  assantisl. 

The  verification  of  the  matheaaticel  models  for  take-off  and  lending  Is  rather  complex  whan  compared 
to  models  used  in  free-fllght  performance  calculation.  This  is  caused  by  the  closed-loop  nature  of  the 
take-off  and  landing  manoeuvres:  the  variability  introduced  by  the  pilot  has  s  larger  offset  on  the  repro¬ 
ducibility  of  the  final  results.  Also,  there  are  several  parameters  which  are  difficult  to  measure 
directly  and  for  which  no  accurate  determination  from  other  sources  is  available,  for  example  lift  end 
drag  in  ground  effect  and  rolling  and  braking  friction.  As  these  parameters  are  only  Important  during 
the  ground  run,  the  model  is  usually  broken  down  into  two  parts:  the  ground  run  phase  and  the  sir  phase, 
which  are  separated  by  the  point  of  lift-off  for  teke-off  and  the  point  of  touchdown  for  landing. 
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The  equation  of  motion  for  the  take-off  ground  run  phuse  Is: 


a  . 

5  ~W  +  Tr  “  X 


(2.2.1) 


Where  a  “  the  acceleration  of  the  aircraft 
g  ■  the  acceleration  of  gravity 
Fn  «  the  net  engine  thrust 
W  •  the  aircraft  total  weight 

T« 

4 

Yr  -  the  runway  slope  angle  (radians,  positive  downhill) 
1  ■  an  acceleration  loss  tern,  which  can  be  written  as 


qcs 

A  -  U  +  (Cn  -  nCL)  J— 


(2.2.2) 


where  u  ■  the  coefficient  of  rolling  friction 

Cp  *  the  drag  coefficient  wich  ground  effect 
-  the  lift  coefficient  with  ground  effect 
qc  *  impact  pressure 
S  ■  wing  area 


In  order  to  be  able  to  use  the  model  equation  (2,2,1),  the  corresponding  value  of  X  must  be  obtained  as  an 
average  from  the  flight  test  results.  The  method  by  which  this  is  done  will  depend  on  the  effort  that  Is 
expended  on  the  analysis,  and  on  the  accuracy  of  the  measured  parameters.  The  simplest  approach  would  be 
to  use  a  single  value  of  A  which  is  representative  for  the  whole  ground  run.  A  next  step  Is  to  assume  that  X 
depends  only  on  airspeed  and  to  determine  it  as  a  function  of  that  airspeed.  This  requires  a  good 
quality  of  the  acceleration  measurement  during  the  ground  rune.  With  mora  effort,  separate  values  for  CD 
and  in  ground  effect  and  of  v  can  be  derived  to  obtain  a  more  accurate  model. 

During  the  air  phase  between  lift-off  and  the  point  where  the  aircraft  reaches  35  feat  altitude,  a 
number  of  conditions  will  change,  for  Instance: 

-  the  Influence  of  ground  effect  on  lift  and  drag 

-  the  influence  of  undercarriage  retraction 

-  the  normal  force  applied  by  the  pilot  during  the  transition  to  cllmbout 

-  the  variation  of  the  wind  velocity  as  a  function  of  time  and  height. 

A  useful  method  of  incorporating  the  test  results  in  the  model  for  the  air  phase  is  to  calculate  the  effec¬ 
tive  lift-drag  ratio: 

fn\  m  FN  /V.AV  ,  ■>  1  (2.2.3) 

r  -  (~  +  h)  XT 


Where  «  the  net  engine  thrust 

W  ■  the  aircraft  total  weight 

V  -  the  average  ground  speed  during  the  air  phase 
fiV  ■  the  difference  between  the  ground  speed  at  35  feet  and  f 

h  »  the  height  gained 

-  the  distance  covsred  during  the  air  phase. 

As  the  speed  Increment  is  usually  small  (3  to  4  kts  for  take-offs  with  n  -  1  engines)  this  method  puts 
high  requirements  on  the  accuracy  with  which  the  ground  speed  is  measured. 

The  pilot  uses  the  airspeed  indicator  connacted  to  the  pitot-static  system,  and  seas  the  ASIR  (air¬ 
speed  Indicator  reading)^.  The  analysis  described  above  is  based  on  experimental  data  mainly  derived 


'The  term  XAs  (indicated  airspeed)  is,  in  the  AGARD  Multilingual  Aeronautical  Dictionary,  reserved  for 
the  reading,  corrected  for  Instrument  error. 
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V  at  low  ultttude  i« 

K 


AKIR  ‘  <Vg  +  Vw >  ?7  -  aVPKC  "  AVi 


(2. 2, A) 


hi!. id  wind  component 


tliu  relative  air  density 


aVPEC  "  the  position  efitor  correction  of  the  pltot-ststic  system 
AV^  ■  the  instrument  error  correction  of  the  airspeed  Indicator 

The  wind  correction  which  la  used  In  (2. 2. A)  and  In  those  parts  of  the  analysis  where  data  are  trans¬ 
formed  to  other  meteorological  conditional  la  generally  based  on  the  wind  speed  measured  at  one  point  near 
the  runway  used!  and  at  one  height  (usually  about  the  height  of  the  aircraft  drag  centre).  In  the  calcu¬ 
lations  the  wind  speed  along  the  runway  la  assumed  to  be  constant  and  to  vary  only  with  height.  According 
to  the  present  certification  recommendations  and  practice,  the  wind  at  a  height  h  above  the  runway  la  cal¬ 
culated  using  the  standard  equation  for  the  velocity  profile  In  an  undisturbed  boundary  layer: 


v  ■  V 
W  Wo 


/h\l/7 


(2.2.5) 


where  VUq  is  the  measured  wind  speed  at  the  height  hQ  where  the  measurement  was  made,  and  Vy  is  the  asso¬ 
ciated  wind  speed  at  height  h. 


2.2.5  The  choice  of  a  trajectory  measuring  system 


The  choice  of  an  instrumentation  eyatam  for  take-off  and  landing  maasuremsnte  (of  which  the 
trajectory  measurements  form  an  Important  part)  lSi  In  the  last  resort,  an  economic  choice.  If  the  results' 
of  the  analysis  are  relatively  Inaccurate,  the  certifying  authority  will  require  that  they  will  be  applied 
with  a  certain  conaarvatlam,  which  means  an  economic  penalty  during  the  operation  of  the  aircraft,  making 
it  less  competitive  on  the  market.  Improved  lnetrument  accuracy  and  more  detailed  analysis  will,  on  the 
other  hand,  be  costly.  For  aach  new  aircraft,  therefore,  the  manufacturer  has  to  daclda  on  a  compromise 
which  will  be  heavily  Influenced  by  the  hardware  and  software  which  are  available.  The  accuracy  that  can 
be  obtained  la  not  only  limited  by  that  of  the  trajectory  measuring  system,  but  also  by  the  accuracy  of 
certain  other  aspects.  In  this  section  these  aapects  will  be  briefly  reviewed,  before  a  few  examples  are 
given  of  how  a  trajectory  measuring  system  was  chosen  In  particular  cases. 

The  equations  and  considerations  given  In  the  previous  paragraph  Indicate,  that  a  number  of  aspects 
besides  trajectory  accuracy  can  Influence  the  accuracy  of  the  results.  The  mors  Important  of  these  are: 

-  T  .a  accuracy  with  which  the  net  engine  thrust  la  available.  For  jet  engines  Intended  for  civil 
t.anaport  aircraft,  the  engine  thrust  at  determined  from  testa  In  static  and  hlgh-altltude  teat 
beds  has  been  shown  to  be  accurate  to  2  to  A  J  (kef.  13  and  1A). 

-  Adherence  to  take-off  and  landing  procedures,  e.g.  rotation  technique,  aircraft  cllmb-out 

attitude  and  speed  echedulf  ,  Monitoring  of  the  adherence  to  the  speed  schedule  is  most' Important. 
Certifying  authorities  usually  accept  variations  of  1  2  kts  in  ,  but  these  can  already 
cause  appreciable  scatter  In  the  trajectory  parameters.  M*n 

-  The  stability  of  the  atmospheric  conditions  during  each  teat.  Wind  speed  and  direction  are  very 
important  in  this  respect.  They  may  vary  with  time  and  distance  along  the  runway,  and  the 
variation  with  height  may  differ  from  the  model  given  by  eq.  (2.2.5).  Some  effects  that  can 
cause  such  variations  are: 

-  early-morning  ground  inversions 

-  vertical  wind  speed  gradients 

-  Influence  of  surroundings  on  wind  conditions  along  the  runway 

-  temperature  gradients  over  the  runway 

-  heat-induced  turbulence. 
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To  illustrate  the  effect  of  the  runway  surroundings,  landing  teBta  can  ba  cited  which  war*  parforaad 
on  a  single  runway  situated  In  a  wooded  area  with  10  a  high  trees.  The  wind  was  measured  at  a  height  of  3 
metros.  Comparison  with  previously  obtained  results  showed  that  the  nlr  distances  from  SO  feet  altitude 
were  on  the  average  9  X  longer  and  that  the  touchdown  speed  showed  an  average  difference  of  3  kts.  The 
explanation  was  that  the  wind  above  the  trees  differed  considerably  fron  that  measured  at  3  metres. 

In  view  of  these  Inaccuracies  in  the  other  parameters  It  might  seem  that  the  accuracy  requirements 
for  the  trajectory  measurements  would  not  be  extreme.  This  la,  to  a  certain  extant,  true  for  the  measure¬ 
ment  of  the  distance  along  the  runway,  where  errors  of  a  few  metres  can  be  tolerated.  But  not  for  the 
height  measurement:  because  of  che  low  rate  of  climb,  an  error  In  the  measurement  of  the  33  feat  end  point 
of  the  air  phase  may  appreciably  affect  the  length  of  thut  air  phase.  For  the  minimum  climb  gradient  of 
2.4  X  required  for  twin-engined  aircraft,  an  error  of  0.1  m  <1/3  of  a  foot)  In  measuring  the  33  feat  will 
produce  an  error  of  about  4  metres  In  the  air  distance.  For  the  analysis  sedel  the  accuraclee  of  the  speed 
and  the  acceleration  are  also  important.  In  order  to  exploit  the  full  possibilities  of  eq. (2.2.3),  the  aV 
of  3  to  4  kts  should  be  known  to  about  the  2  to  4  X  accuracy  with  which  F^  Is  known.  Similarly,  the  acce¬ 
leration  a  In  eq,  (2.2.1),  which  may  ba  as  low  as  0.1  g,  should  be  known  to  2  to  4  X.  In  practice  the 
inputs  to  the  model  are  averages  over  a  number  of  flight  teats.  This  somewhat  reduces  the  accuracy  require¬ 
ments  for  random-type  errors,  but  not  those  for  systematic  errors.  It  must,  therefore,  be  concluded  (ae 
has  been  mentioned  at  the  beginning  of  this  section)  that  the  accuracy  of  the  trajectory  meaeuresMnts 
should  be  as  high  as  possible  within  the  flight  test  budget.  When  choosing  a  system,  the  epaed  end  accele¬ 
ration  accuracies  should  be  taken  into  account,  as  well  as  the  distance  and  height  accuracies. 

To  illustrate  the  relationship  between  claimed  tracking  accuracy  and  the  scatter  In  final  aircraft 
performance  test  results,  a  few  results  are  given  from  a  certification  test  programme  with  a  civil 
transport  aircraft.  During  that  prograsme  the  tracking  system  used  a  camera  swunted  In  tha  noaa  of  the 
aircraft,  using  tha  runway  lights  as  a  reference.  The  following  2 cr  accuracies  were  claimed  for  this 
systems 

distance  0.6  a 

first  derivative  (speed)  1.0  m/s  (average  value  over  1  second) 

height  0.12  m 

pitch  0.001  rad. 

The  measurements  were  first  processed  in  the  normal  way  to  obtain  flight  handbook  data,  using  test  angina 

thrust  performance  and  the  average  trajectories  as  determined  from  a  large  number  of  rune.  Later,  for 

analysis  purposes,  these  flight  handbook  data  were  applied  to  tha  actual  sMtoorologlcal  circumstances  of 

each  individual  measurement  run,  and  the  ratios  between  the  actually  Masured  distances  and  tha 

calculated  distances  X  were  determined.  It  was  found  that  the  average  values  of  X  and  X.  ware  tha  same, 
c  n  c 

which  was  to  be  expected  if  no  errors  ware  made  In  the  analysis.  The  standard  deviations  of  Xa  -  X£  wars, 
however,  24  metres  for  tha  ground  distance  (average  ground  distance  was  1220  m)  and  IB  mstras  for  the  elr 
distance  (average  air  distance  to  35  feet  height  was  305  m) .  These  differences  must  be  due  either  to  the 
fact  that  the  pilots  could  not  exactly  follow  the  speed  schedule,  or. to  the  fact  that  the  data  reduction 
model  was  not  completely  realistic.  Mo  further  analysis  was  done,  but  these  values  give  an  Indication  of 
what  variability  can  occur  even  In  flight  tests  flown  by  experienced  test  pilots. 

From  these  actual  test  results  It  was  concluded  that  the  analysis  model  and  the  analysis  methods 
reasonably  well  represented  the  average  flight  performance  (because  the  average  values  vere  equal)  but 
that  the  test  scatter  was  relatively  large.  This  was  partly  due  to  the  environmental  effects  discussed 
above,  but  also  to  the  low  accuracy  with  which  the  speeds  and  accelerations  can  be  derived  from  the 
measured  trajectory  data.  Smoothing  lmprovad  the  speed  data  to  a  certain  extent,  but  the  second  derivative 
of  such  smoothed  data  is  not  vary  accurate.  It  was  therefore  concluded  that  this  nose-camera  method,  though 
the  dlstanco  data  are  reasonably  accurate,  did  not  provide  sufficient  accuracy  In  the  first  and  sacond 
derivatives  of  these  distance  data.  As  described  in  Chapter  3  some  Improvement  can  be  obtained  by 
combining  the  nose-camera  measurements  with  measurements  of  accelerometers  in  the  aircraft. 

Tha  choice  of  a  trajectory  measuring  system  is  not  only  determined  by  accuracy  aspects.  Other  aspects 
that  must  be  taken  into  account  are: 

-  Data  turn-around  time  requirements.  If  a  short  turn-around  time  is  required,  computer  proces¬ 
sing  is  essential.  Photographic  trajectory  measuring  systems,  which  require  film  developswnt 
and  measurements  on  Individual  pictures,  have  definite  disadvantages.  In  that  case  systesu  with 
digital  or  analog  electrical  outputs  that  can  be  digitized  to  sufficient  accuracy  are  prefer¬ 
able. 
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-  Quick-look  of  trucking  data.  If  real-time  trajectory  Information  ia  required  for  deciding  what 
to  do  in  the  next  toot  run,  computerized  systems  working  In  real  time, such  as  laser  trackers, 
have  important  advantages, 

-  Measuring  equipment  on  board  or  on  the  ground.  If  tha  tests  can  all  be  done  on  well-equipped 
airports,  the  latter  is  generally  preferable.  If  a  large  part  of  the  tests  must  be  done  on  not 
very  well  equipped  .Lcflelds,  equipment  on  board  the  aircraft  (e.g.  nose-cameras,  ISS  system) 
may  be  preferable. 

-  If  on-board  treasuring  equipment  must  be  uaed  In  many  aircraft,  la  should  be  easily  transferable 
from  one  aircraft  to  the  other. 

In  reference  IS  a  manufacturer  of  general  aviation  aircraft  has  given  his  reasons  for  raplacing  the 
measurements  with  a  single  photo  theodolite  by  a  short-range  DME-type  system  combined  with  a  radio  altimeter 
system.  The  conclusions  are  that  this  system  is  relatively  inexpensive,  easy  to  use,  and  has  a  sufficient 
accuracy.  In  comparison  with  the  system  previously  uaed  it  permits  data  reduction  by  computer,  which 
shortens  the  turn-around  time  and  reduces  the  sun-hours  requlrsd. 

In  reference  16  s  manufacturer  of  military  and  larga  civil  jat  aircraft  has  given  s  comparison  of 
several  trajectory  measuring  systems  in  tha  light  of  his  requirements.  In  figures  4  and  5,  which  are 
copied  from  reference  16,  summaries  are  given  of  their  tracking  requirements  end  of  the  main  characteris¬ 
tics  of  a  number  of  tracking  systems,  both  in  tarms  of  performanca  and  cost.  Tha  final  choice  was  an  auto¬ 
matic  later  tracking  system. 

In  reference  17,  the  accuracy  requirements  specified  by  s  manufacturer  of  medlum-slsad  commercial  jet 
aircraft  for  an  on-board  system  using  an  inertial  sensing  system  (ISS)  are  given.  In  this  choice  tha 
inherent  accuracy  of  the  acceleration  and  spaed  data  of  the  ISS  method  also  carried  a  certain  weight. 


2.3  Flight  testing  of  automatic  landing  systems 


2.3,1  Objective 


The  objective  of  the  flight  testing  for  the  certification  of  autolend  systems  la  to  show  that 
the  performance  calculations ,  made  by  computer  simulation,  provide  realistic  results. 


FAR  25  and  JAR  25  do  not  give  detailed  requirements  for  tha  testing  of  autoland  systems.  The  basic 
requirements  in  these  documents  are  thoee  of  pars  1309,  "Equipment,  Systems  and  Installations".  Mora 
detailed  requirements  have  been  published  by  the  USA  (Ref,  18  and  19)  and  the  UK  (Raf.  20  and  21)  which 
are  similar  In  principle  but  differ  In  many  details.  Tht  following  brlsf  discussion  will  be  primarily 
based  on  the  US  requirements.  These  can  be  summarized  as  follows: 

1.  Requirements  on  the  standard  deviations  of  ths  longitudinal  and  the  lateral  positions  of  the 
touchdown  point  relative  to  tha  runway  threshold  and  the  centre  line. 

2.  A  requirement  that  it  shell  be  improbable  (lO-®)  that  tht  aircraft  under  realistic  environmental 
conditions  will  land  outside  s  dispersion  arts  limited  longitudinally  by  a  line  at  least  200  feet 
beyond  the  threshold  and  a  line  at  which  ths  pilot  is  in  s  position  to  see  at  least  4  bars  (on 
100  fast  canters)  of  the  3000  foot  touchdown  ions  lights,  and  laterally  by  lines  that  are  3  feat 
from  the  lateral  limits  of  a  150  foot  wide  runway. 

3.  Requirements  about  the  probability  of  a  failure  In  the  system  and  about  the  warnings  to  the  pilot 
for  the  detection  of  such  failures. 


2 . 3.3  Flight  teet  procedures 


The  requirements  mentioned  in  the  previous  section  must  be  verified  by  flight  tests.  It  must  be  shown 
that  they  are  met  under  practical  meteorological  conditions,  Including  effects  of  head,  crose  snd  tail 
wind,  wind  shear,  etc.  As  It  will  be  difficult  to  execute  flight  tests  In  which  all  of  these  conditions 
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.ire  prci.nl  in  the  correct  piupm  i  ion.  end  as  a  flight  tout  verification  of  tin:  low  probability  specified 
.niilcr  .  I.. mill  require  a  very  lurgo  number  of  landings,  the  main  emphasis  in  thin  verification  is  laid  on 
.  i .  i'i;  ut.'  ■  1. 1  mu  1st  Ion.  The  flight  tests  are  used  to  show  that  the  simulation  rcnultu  are  realistic.  In  the 
i. .tii i i. cation  of  these  flight  test  results  a  simplifying  assumption  can  be  used  without  additional  proofs 
tin  .,.,:,i.ni|it  ion  that  the  distribution  of  lateral  deviations  of  the  touchdown  points  is  Gaussian. 

'il.,.  iaA  requirements  do  not  specify  the  number  of  flight  tests  required.  The  number  of  tests  and  the 
t.i.t  programme  are,  for  aach  aircraft  type,  negotiated  with  the  FAA.  The  UK  CAA  requirements  specify  that 
at.  least  100  landings  must  be  measured. 

4 

2.3.4  Measuring  accuracy  requirements 

The  accuracy  rsqulramsnta  are  similar  to  those  mentioned  in  section  2,2  for  take-off  and  landing  per¬ 
formance  measurement*  with  one  important  exceptions  for  the  performance  sneasurements  the  measurement  of 
the  lateral  deviation  is  relatively  unimportant  (in  the  requirement*  of  Ref.  2  and  7  It  is  hardly  men¬ 
tioned),  but  for  automatic  landing  ayatam  flight  testing  they  are  very  important.  An  accuracy  of  0.30  matres 
( 2 o)  is  specified  for  the  lateral  displacement  with  respect  to  the  runway  centre  line  at  touchdown. 


2.4  Noise  measurements 


2,4.1  Object lvss 

The  term  "noise  measurements"  i*  used  for  two  categories  of  measurements,  which  have  different  appli¬ 
cations  and  accuracy  requirements,  Thase  ares 

-  Measurements  for  the  noise  certification  of  aircraft,  l.a,  measurements  of  the  noise  produced  by 
a  particular  type  of  aircraft 

-  Measurements  of  noise  exposure  on  the  ground  in  the  vicinity  of  airports. 

These  two  categories  ar*  dlacusaad  separately  in  Sections  2,4,2  and  2.4.3. 


2.4.2  Noise  certification  of  aircraft 


2.4.2, 1  Government  regulation* 

International  rules  limiting  aircraft  and  aircraft  engine  nolae  have  been  published  by  ICAO  (Ref,  22), 
Wlii'ic  States  have  their  own  regulations,  such  a*  the  USA  (Ref,  23),  these  differ  only  by  details. 

Fur  noise  certification  take-offs  and  landings  must  bs  mads,  during  which  sound  measursmants  ar* 
mmli'  directly  below  the  aircraft  trajectory  and  at  a  point  450  matras  to  the  side  of  that  trajectory. 

The  point  below  the  aircraft  trajectory  must  ba  located  6500  metre*  beyond  the  point  of  standstill  for 
take-offs  and  2000  metres  before  the  runway  threshold  for  landings.  The  sideline  point  oust  ba  located  at 
tin;  point  along  this  sideline  where  the  sound  level  la  highest.  The  trajectory  measurements  must  bs  mads 
from  the  start  of  th*  taka-off  to  veil  beyond  the  point  at  which  th*  highest  sound  levale  are  measured  and, 
for  landings,  from  a  point  wsll  bafor*  tha  highest  sound  level  is  recorded  to  standstill.  Both  positions 
and  apeeda  must  be  provided  at  time  intervals  of  at  least  0.5  seconds,  Tha  final  certification  procedure 
Is  based  on  a  nominal  trajectory,  and  th*  sound  measurements  must  be  corrected  for,  among  other  variables, 
the  deviations  of  th*  actual  trajectory  from  that  nominal  trajectory  and  the  deviations  of  tha  actual  speeds 
from  their  nominal  values. 


2j.4 . 2  .2  Requirements  for  the  trajectory  mtaaurements 

References  22  and  23  do  not  specify  accuracy  requirement*  for  th*  trajectory  measurements.  These  must 
he  agreed  by  the  certifying  authority  during  negotiations  about  the  method  of  measurement  proposed 
by  che  manufacturer.  In  practice  the  accuracy  will  have  to  be  within  a  few  metres  In  the  distance  along 
the  runway  centre  line  and  a  few  feet  In  height. 
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I'ur  practical  reasons  the  trajectory  measuring  equipment  should  be  able  to  operate  continuously  for 
iver.il  hours,  without  breaks  for  resetting  or  recallbrat lim.  The  equipment  will  not  only  be  used  for  the 
, ntii.il  noise  certification,  but  often  also  during  noise  demonstration  flights  at  various  noise-sensitive 
ait  put  t  s .  For  these  applications  the  ground  equipment  should  be  easily  transportable  and  any  on-board 
equipment  should  be  easy  to  Install  In  production  aircraft. 


.4 . JJ  Noise  exposure  on  the  ground 

2.4.3. 1  Government  regulations^ 

The  evaluation  of  noise  exposure  on  the  ground  is  of  rapidly  Increasing  Intercut  In  matters  of  regional 
planning  and  noise  annoyance.  The  method  of  evaluation  Is  roughly  similar  everywhere:  a  model  provides  con¬ 
tours  of  areas  vhare  the  noise  rating  la  above  a  certain  value.  The  details  of  the  models  and  the  defini¬ 
tion  of  the  noise  rating  differ,  howavar,  from  State  to  State,  as  do  the  applications.  A  review  of  the  noise 
ratings  used  In  the  different  States  Is  given  In  Ref.  24.  Ref.  25  gives  a  brief  description  of  the 
model  used  in  the  UK. 

The  Inputs  for  the  models  are  generally  obtained  from  different  sources: 

a.  The  standard  take-off  and  approach  paths  (SIDs  and  STARs)  for  the  airports  concerned. 

b.  The  amount  of  traffic  along  each  SID  and  STAR,  dif fsrentlatad  according  to  time  and  to  aircraft 
type.  These  must  be  obtained  from  actual  traffic  statistics, 

c.  Normal  power  settings  used  by  the  aircraft  during  the  phases  of  interest;  these  are  obtained 
from  airline  procedures, 

d.  Data  on  the  noise  produced  by  aircraft  as  a  function  of  powar  setting;  these  data  must  be 
obtained  from  the  aircraft  manufacturers,  but  the  FAA  has  a  programme  to  assemble  these 
(Ref.  26)  and  has  published  several  surveys  (s.g.  Ref.  27). 

e.  Data  on  the  spread  of  the  aircraft  trajectories  about  the  SIDs  and  STARs. 

Trajectory  measurements  are  required  only  for  d.  and  e.  above.  For  measuring  the  noise  deta  mentioned 
under  d.  the  manufacturers  will  in  general  use  the  equipment  with  which  they  do  the  noise  certification 
of  their  aircraft.  The  requirements  for  the  measurements  mentioned  under  e.  are  briefly  discussed  balow. 

Some  States  also  want  tc  detect  aircraft  that  follow  trajectories  outside  the  permitted  corridors. 

The  requirements  for  those  measurements  are  also  msntloned  In  Section  2'.4.3.2. 

2.4. 3.2  Requirements  for  the  trajectory  measurements 

The  main  requirements  for  the  trajectory  measurements  mentioned  above  are: 

-  the  measurements  must  not  require  special  equipment  in  the  aircraft  or  co-operation  from  the 
pilots  or  ATC 

-  the  horlxontal  projection  of  the  trajectory  and  the  height  must  be  measured 

-  the  Individual  aircraft  mutt  be  identified  or  at  least  the  aircraft  type  must  be  known 

-  automatic  data  processing  Is  desirable  for  the  measurement  of  the  spread  of  trajectories  and 

absolutely  necsssery  for  detection  of  offenders. 

For  major  airports,  where  all  aircraft  are  equipped  with  SSR  transponders,  surveillance  radars  with 
mode  C  are  generally  used.  No  accuracy  figures  have  betn  quoted,  but  SSR  with  node  C  is  generally^acceptad 
for  these  purposes.  For  measurements  which  Include  aircraft  without  transponders  no  solution  Is  readily 
available;  all  solutions  reviewed  until  now  require  extensive  human  participation. 
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1 .  5  Flight  t i  lug  of  radio  navigation  alda 

obju.-t  Ives 


1 1  ..Jri  tor\  measurements  and  measuremuuui  of  geographic  positions  also  play  an  Important  role  In  the 
-alibi  at  Ion  nl  the  radio  navigation  aids  which  are  essential  for  the  navigation  of  civil  and  military  air¬ 
craft.  Thu  most  important  of  these  are:  ILS  (categories  I,  II  and  111),  VOR,  DME,  TACAN  and  surveillance 
radars  (primary  and  secondary)  and,  In  the  near  future,  MLS. 

In  general  It  can  be  said  that  the  objectives  are  twofold: 

-  Calibrations  of  the  beacons  within  the  range  where  they  are  normally  used.  The  requirements  for 
these  tests  are  briefly  dlscussud  below. 

-  Measurements  of  the  limits  where  the  beacon  is  still  received.  For  these  tests  the  accuracy 
requirements  are  very  low  and  the  measured  values  are  often  read  from  operational  navigation 
equipment. 


2.5.2  Government  requirements 

The  system  specif lcatlonr  for  all  the  above-mentioned  radio  navigation  systems  (except  TACAN)  have 
been  laid  down  by  ICAO  In  reference  28.  Teat  procedures  have  bean  published  In  reference  29.  Although  the 
procedures  actually  used  differ  from  country  to  country,  mainly  because  of  differences  In  available  test 
equipment,  they  are  in  general  similar  to  those  described  in  reference  29. 

For  DMF,  and  radars  there  are  no  requirements  for  periodic  flight  checking,  though  flight  tests  have 
been  done  for  research  purposes.  Flight  measurements  of  ILS,  VOR  and  tin  directional  part  of  TACAN  have  to 
be  done  periodically,  at  Intervals  varying  from  4  months  to  4  years  depei  ng  on  the  type  and  quality  of 
the  navigation  aid. 

In  the  calibration  and  periodic  checking  of  ILS,  accurate  trajectory  measurements  of  the  test  air¬ 
craft  are  required  for  the  determination  of  the  position  and  quality  of  the  course  line  defined  by  glide 
path  and  locallser,  and  for  determining  the  sensitivity,  l.e.  the  rate  of  change  of  the  signal  with  the 
distance  perpendicular  to  the  course  line.  The  limits  on  the  course  line  are  differentiated  between  course 
alignment  (l.e,  the  position  of  the  average  course  line)  and  course  structure  (l.e.  the  bends  about  the 
average  course  line).  The  limits  are  different  In  the  horlsontal  and  vertical  directions,  and  for  the 
different  categories.  They  becosic  narrower  as  the  threshold  Is  approached. 

For  the  calibration  and  parlodlc  checks  of  VORs,  accurate  flight  measurements  must  be  made  of  the 
course  errors  of  the  radlale.  Although  the  details  of  the  procedures  differ  between  States,  the  flight 
measurements  on  course  alignment  are  usually  executed  during  two  types  of  orbit: 

-  crblts  around  the  VOR  (which  are  often  circular  but  can  also  have  other  shapes)  which  give  a 
360  degree  overall  check  on  the  alignment  of  the  radlale 

-  flights  along  specific  radlals  (in  the  first  place  those  used  for  IFR  traffic)  In  order  to  make 
a  detailed  analysis  of  the  course  structure. 


2.5.3  Required  measuring  accuracy 

The  trajectory  measuring  equipment  used  for  ILS  and  VOR  calibrations  is  usually  chosen  so,  that  Its 

•  tr¬ 
ue  curacy  it  equal  to  or  better  than  1/f  of  the  naxlmum  allowable  Misalignment  of  the  beacon.  The  allowed 

misalignments  are  angular  values,  and  for  ILS  they  differ  with  the  category  of  the  ILS,  In  some  cases  the 

course  errors  are  measured  as  angular  errors  (see  e.g.  Section  3.5.1  below  and  Ref.  29,  Part  2,  Section  7.3). 

But  In  most  cases  the  trajectory  measurements  are  executed  as  position  measurements,  l.e,  the  required  accuracy 

requirement  varies  with  the  distance  from  the  beacon.  In  order  to  give  some  Insight  In  the  required  position 

accuracies,  a  few  examples  will  be  calculated  here.  For  VOR  the  allowable  error  in  the  alignment  of  the 

radial  is  1  3  degrees.  At  1/6  of  this  value,  the  trajectory  measurement  must  be  accurate  to  about  45  m  at 

5  km  and  to  about  1700  m  at  200  km  from  the  beacon. 
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In  the  1  .-I  lowing  Cables  che  required  lateral  deviation  and  height  accui i.;o  are  calculated  for  3  Im¬ 
portant  point:,  along  an  ILS  beam,  for  each  of  che  3  categories  of  ILS.  The  Cat.  11  values  In  parenthesis 
are  recommundc-l  values. 

Acceptable  RMS  errors  for  measurement  of  locallaer  (i...  c  tea) 
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3  Ol'TICAl.  Ml  riU'IJS  OF  TRAJECTORY  HKAiiUKliHKNTS 

1,1  i  itl  roduct  I  i<n 


since  the  curliest  beginnings  of  aircraft  trajectory  measurement,  photographic  methods  have  been  used 
whenever  high  accuracy  was  required.  Until  very  recently  no  other  methods  could  rival  those  methods.  During 
the  1930s,  when  good  cameras  became  available,  the  kinethodolite  (Section  3.2)  was  developed  to  an  accuracy 
and  reliability  that  is  still  unchallenged,  and  it  is  still  used  all  over  the  world.  The  klnetheodollte 
method  presents,  however,  a  number  of  problems: 

-  They  require  a  rel'atiuely  large  ground  crew  uf  specialists. 

-  The  ground  equipment  is  sensitive  and  heavy,  which  is  a  problem  when  trajectory  measurements 
must  be  made  at  inaccessible  locations. 

-  Data  processing  begins  with  film  development  and  then  many  pictures  must  be  individually 
processed;  this  requires,  even  with  modern  klnetheodolltes  and  advanced  reading  equipment,  much 
manual  labour. 

The  searcli  for  more  efficient  methods  of  trajectory  measurement  has  gone  in  many  directions.  Other 
methods  based  on  the  use  of  ground  cameras  (Section  3.3)  have  reduced  the  ground  crew  requirements  and,  to 
some  extent,  the  problems  of  data  processing  and  of  measurements  on  non- Instrumented  airfields.  But  they 
have  never  attained  the  accuracy  of  the  klnetheodollte  methods.  An  important  development  was  the  airborne 
camera  (Section  3.4),  which  is  very  useful  for  measurements  at  Inaccessible  locations.  But  that  method  also 
requires  lenghty  data  processing  with  much  manual  labour. 

The  new  developments  in  the  video,  infra-red  and  laser  techniques  and  in  advanced  software  (e.g. 
image  processing)  have  recently  provided  optical  methods  which  can  be  regarded  as  replacements  for  the  klne¬ 
theodolltes  (Section  3.5).  There  is  still  much  development  going  on  in  this  field  (Section  3.5.1),  but  for 
the  present  the  laser  tracker  (Section  3.5.2)  seems  to  have  the  best  prospects.  These  methods  can  fully 
replace  the  klnetheodollte  methods  in  all  respects,  and  provide  the  quick-look  facilities  and  the  short 
data  processing  delays  which  cannot  be  realised  by  ths  methods  using  photographic  cameras.  In  general, 
however,  these  methods  require  expensive  equipment  and  large  computer  facilities  for  data  processing, 
Klnetheodolltes  remain  in  use  for  tests  where  obtaining  quick  results  is  not  of  the  utmost  importance  and 
they  play  an  important  role  in  the  validation  of  all  new  methods. 


3.2  Klnetheodolltes 


3.2.1  General  principles 

A  klnetheodollte  is  in  principle  a  telescope  which  can  be  easily  rotated  both  in  azimuth  and  elevation 
to  track  the  aircraft.  In  most  klnetheodolltes  the  telescope  is  manually  directed  towards  the  aircraft. 
Attached  to  the  telescope,  with  its  optical  axis  aligned  parallel  to  that  of  the  search  telescope,  is 
another  telescope  with  longer  focal  length,  through  which  a  camera  takes  pictures  of  the  aircraft.  The  azi¬ 
muth  and  elevation  are  measured  and  recorded  with  an  accurately  known  frequency  in  the  range  of  1  to  4  per 
second,  in  a  few  systems  up  to  30  frames  per  second.  These  azimuth  and  elevation  values  provide  the  first- 
order  direction  in  which  the  aircraft  was  seen.  A  correction  on  this  direction  is  obtained  by  measuring  the 
position  of  the  aircraft  with  respect  to  cross  hairs  on  the  camera  pictures,  which  are  made  at  exactly  the 
same  time  as  the  azimuth  and  elevation  recordings. 
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If  a  single  klnetheodollte  is  used  for  measuring  a  trajectory,  this  is  usually  placed  to  the  side  of 
the  trajectory  to  be  measured  (Figure  6).  It  Is  then  assumed  that  the  aircraft  remains  in  the  vertical  plane 
through  the  runway  centreline.  The  position  of  the  aircraft  can  then  be  calculated  ftom  the  distance  D 
between  the  klnetheodollte  and  the  runway  centreline  and  the  azimuth  and  elevation  under  which  the  kinetheo- 
dollte  sees  the  aircraft.  Using  the  co-ordinates  defined  in  Figure  6,  the  position  co-ordinates  are: 
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X  =  D  tan  A 


Z  .  „  *£.«*  +  h 
cos  A 


(3.2.1) 


where  h  «  the  height  of  the  kinetheodolite  above  the  runway  level.  If  the  aircraft  deviates  from  the  ver¬ 
tical  plane  through  the  centre  line,  the  errors  in  X  and  Z  are  small  when  the  aircraft  is  near  the  point 
Cr  ,  but  increase  rapidly  fqr  a  given  lateral  deviations  when  the  aircraft  gets  further  away  from  Cq. 

For  some  special  applications  a  single  kinetheodolite  is  used  which  looks  in  the  direction  of  flight. 
Then  additional  information  on  the  height  of  the  aircraft  must  be  obtained  from  a  pressure  altimeter  or  a 
radio  altimeter  in  the  aircraft.  The  lateral  and  longitudinal  positions  of  the  aircraft  can  then  be  calcul¬ 
ated  from  the  measured  azimuth  and  elevation  angles  and  the  height  of  the  aircraft.  This  method  has  the  dis¬ 
advantage  that  the  ground  and  on-board  measurements  must  be  synchronized.  It  hae  been  used,  for  example,  for 
the  calibration  of  the  radio-defined  axes  of  an  approach  system  for  helicopters.  It  will  generally  be  too 
Inaccurate  for  sophisticated  take-off  and  landing  measurements. 

A  much  higher  accuracy  can  be  obtained  if  two  klnetheodolltes  are  used,  which  aim  at  the  same  point 
and  take  pictures  at  the  same  instant,  The  equations  for  the  calculation  of  the  co-ordinates  will  be  given 
for  the  case  of  Figure  7,  where  the  kinetheodolites  are  placed  at  a  distance  2B  from  each  other  on  the 
Y-axis  of  the  co-ordinate  system  and  the  origin  is  in  the  middle  between  the  two  klnetheodolltes.  Then  the 
following  equations  can  be  given 


X  «  (D-Y)  tan  (lSO'-A^  «  (D+Y)  tan  A,, 


z  "  nn-W-A-y-  tan  Ei  ’  7uHT2  tan  e2 


(3.2.2) 


solution  of  X,  Y  and  Z  gives 


sin  Aj  sin  A2 
sin  (Aj-Aj,)  ~ 


sin  (Aj+A2) 
Un  (Aj-Aj) 


(3.2.3) 


sin  A^  tan  E2 
sin  (A^-Aj) 


sin  A2  tan 
sin  (Aj-A2) 


In  these  equations  it  is  assumed  that  the  lines  defined  by  A^  and  E^  and  by  A2  and  E2  do  intersect  in 
space.  Due  to  measuring  errors  this  will  in  general  not  be  the  case.  As  there  are  A  angles  available  to  cal¬ 
culate  3  co-ordinates,  statistical  methods  can  be  used  to  improve  the  (average)  accuracy.  A  very  simple 
method  is  to  use  X  and  Y  as  given  in  eq.  (3.2.3),  (they  depend  only  on  A^  and  A,,)  and  to  replace  Z  by  the 
average  of  the  two  values  given 


sin  Aj  tan  E2  +  sin  A2  tan  E^ 
sin  (Aj-A2) 


(3.2.4) 


A  more  accurate  method  first  calculates  the  perpendicular  between  the  lines  defined  by  the  pictures  from  the 
two  kinetheodolites,  and  then  determines  the  position  of  the  aircraft  as  the  most  probable  point  on  that 
perpendicular  (Figure  8).  To  derive  the  co-ordinates  of  this  point,  let  the  co-ordinate  of  the  two  kinetheo¬ 
dolites  be  Pj  (Xj,  Yj,  Zj)  and  P2  (X,,  Yj,  Z2)  and  let  the  directions  defined  by  the  two  kinetheodolites  be 
expressed  by  their  direction  cosines:  (Q^,  R^,  S^)  and  U2  (Q2>  R2,  S2> .  Then  it  can  be  shown  that 
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"Hu  co-ordinates  of  point  and  M2  are 


xi  +  DiQi 
Yi  +  DiRi 

Zi  +  Vi 


A 

B 

C 


2 

2 
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X2  +  D2Q2 

V2  +  D2R2 
Z2  +  D2S2 


(3.2.5) 


(3.2.6) 


Assuming  chat:  the  errors  in  all  measured  angles  are  randomly  distributed,  the  most  probable  position  M  of 
thu  aircraft  on  the  line  is  defined  by 


M  Mj  <PiMi>a  DiS 


The  co-ordinates  of  the  point  M  are  then 


*M 


VA1  +  V*2 
V  +  V 


V8!  +  U1,B2 

V  +  V 


VC1  +  VC2 

Di2  +  V 


(3.2.7) 


(3.2.8) 


Although  positions  in  space  can  be  completely  determined  from  the  data  of  two  klnetheodolltes,  more 
than  two  klnetheodolltes  are  used  in  some  applications.  This  is  done  in  the  following  cases: 

-  If  the  test  is  unique  and  cannot  be  repeated,  the  klnetheodolltes  can  be  duplicated  in  order  to 
have  complete  data  in  case  of  a  failure  of  one  of  the  kinetheodolites.  In  this  case  the  command 
unit  will  also  he  duplicated. 

-  If  the  trajectory  to  be  measured  is  too  long  to  be  covered  by  two  klnetheodolltes,  additional 
units  will  be  sec  up  which  can  take  over  when  the  target  cooes  near  the  limits  of  the  range 
of  the  first  pair.  In  this  caBe  all  klnetheodolltes  will  be  connected  to  one  command  unit,  in 
order  to  ensure  correct  synchronisation, 

-  If  the  trajectory  of  the  target  cannot  be  well  predicted,  it  may  fly  into  areas  where  the 
accuracy  of  the  primary  kinetheodolite  pair  is  not  optimal  (see  below  section  3.2.3),  J.n  those 
cases  a  third  klnetheodi Lite  is  mounted  and  the  data  at  any  moment  are  calculated  from  the  pair 
which  provides  the  best  accuracy. 


3.2.2  Description  of  a  kinetheodolite  system 

The  Askania  kinetheodolite  system  described  in  this  section  is  probably  the  oldest  type  still  in 
general  use.  More  modern  systems  in  general  have  electrical  methods  for  measuring  elevation  and  azimuth, 
which  must  be  read  from  the  film  in  the  case  of  the  Askania  theodolites.  Other  facilities  are  present  in 
modern  klnetheodolltes,  such  as  the  use  of  radar  for  early  detection  of  an  approaching  target. 

But  the  Askania  system  provides  an  accuracy  Bimllar  to  that  of  -he  more  modern  systems  and  is  relatively 
easily  transportable.  For  this  reason  Askania  klnetheodolltes  are  still  used  in  many  parts  of  the  world 
where  no  instrumented  test  ranges  are  available. 
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A  I'.lnuthi-odulite  system  v.iialsts  of  two  or  more  klnetheodolltes  and  a  command  station.  Figure  9 
shows  one  Askanla  theodolite  with  its  Individual  control  unit  and  the  command  station.  Each  kinetheodollte 
consists  ol  three  main  parts: 

-  A  pedestal,  which  stands  on  three  leveling  screws.  Using  the  two  bubble  levels  mounted  on  the 
pcdestal,these  screws  are  used  to  br<ng  che  azimuth  axis  to  an  exactly  vertical  position. 

In  the  upper  part  of  the  pedestal  are  mounted: 

-  A  toothed  ring  for  driving  the  rotation  of  the  upper  parts  In  azimuth 

-  A  glass  disc  (the  azimuth  scale),  accurately  graduated  In  grads  (400  grads  «  360  degrees)  over 
the  full  400  grads.  The  accuracy  of  the  scale  is  t  0.0015  grads. 

-  A  second  azimuth  scale  projected  In  the  aiming  system  used  by  the  operator. 

-  A  lower  casing  whlch'cau  turn  relative  to  the  pedestal  about  a  vertical  axis.  This  contains 
the  driving  mechanisms  by  which  the  operator  can  move  the  syatem  In  azimuth  and  elevation  and 
the  microscopes  which  project  the  azimuth  and  elevation  scales  on  the  film.  They  provide  a 
magnification  of  35,  The  overall  reading  accuracy  of  the  scales  is  1  0.005  grads. 

-  An  upper  casing  which  can  move  relative  to  the  lower  casing  about  a  horizontal  axis.  This 
contains: 

-  The  glass  elevation  scale,  graduated  from  -10  to  +2 10  grads  (0  and  200  grads  corresponding 
to  horizontal  positions). 

-  The  telescope  system  for  use  by  the  operators  who  point  the  syatem  to  the  aircraft.  There  are 
two  telescopes,  one  on  each  side,  Figura  10  shows  how  a  telescope  1b  UBed.If  the  kinetheodo¬ 
llte  is  operated  by  two  persons,  each  uses  one  of  the  telescopes  and  one  operator  moves  the 
system  only  In  uzimuth,  the  other  only  In  elevation.  These  telescopes  have  a  field  of  view  of 
6  degrees  and  a  magnification  of  10. 

-  The  camera  system,  that  moves  with  the  telescopes.  Tha  35  mm  camera  has  Interchangeable  lenaea. 
The  choice  of  the  lens  depends  on  the  average  distance  of  the  aircraft  from  the  kinetheodollte 
and  on  the  type  of  manoeuvres  that  are  executed.  Four  focal  lengths  are  available)  300  am 
(field  of  view  7  degrees),  600  urn  (3.3  degrees),  1000  on  (2.1  degrees)  and  2000  sn  (1  degree). 
The  latter  two  are  catadloptric  mirror  telescopes.  The  exposure  time  Is  fixed  at  1/150  second. 
Two  other  systems  project  Images  on  the  picture:  a  frame  number  and  the  azimuth  and  elevation 
scales.  These  latter  are  projected  in  the  uppar  corners  of  the  frames,  whereby  the  scales  ere 
illuminated  by  flashlight  (10-*1  s).  Tha  maximum  frame  rate  of  the  camera  is  20/second. 

There  Is  an  acoustic  warning  If  the  film  transport  falls.  A  typical  picture  is  shown  in 
Figure  11. 

The  total  mass  of  one  kinetheodollte  is  120  kg. 

The  command  station  is  connected  to  both  klnetheodolltes  either  by  cable  or  by  radio.  A  block  diagram 
of  a  typi.:-'!  system  using  radio  is  given  in  Figure  12.  The  function  of  the  command  station  Is  to  generate 
commands  to  both  cameras  (thereby  ensuring  that  both  cameras  taka  pictures  with  negligible  time  difference) 
and  to  record  the  time  of  each  command  and  of  the  shutter  contact  In  each  camera.  The  commands  sent  to  the 
camera  operate  the  shutter,  flashlight  and  film  transport;  the  times  at  which  the  shutters  actually 
operate  are  sent  back  to  the  command  station.  At  the  command  station  there  is  a  capability  for  displaying 
the  shutter  contact  signals.  This  is  used  to  adjust  the  command  signals  for  any  differences  in  the  delays 
In  operation  in  the  two  klnetheodolltes. 


3.2,3  Preparation  of  a  measurement  series  *" 

On  airfields  where  trajectory  measurements  aie  frequently  made,  the  klnetheodolltes  are  usually 
placed  at  fixed  positions.  Then  the  preparation  will  be  confined  to  a  thorough  test  of  the  equipment  and 
making  pictures  of  a  few  characteristic  points  in  known  directions.  If,  however,  the  klnetheodolltes  have 
to  be  set  up  at  an  unknown  location  or  for  a  special  type  of  test,  the  following  procedure  must  be  followed: 

-  A  general  survey  of  the  site  must  be  made  especially  concerning  the  possibilities  of  access- 
ability,  the  presence  of  obstructions,  etc.  This  can  to  a  large  extent  be  done  by  studying 
detailed  maps. 

-  The  choice  of  the  positions  of  the  klnetheodolltes  will  depend  on  the  topology  and  on  where  the 
the  highest  accuracy  must  be  obtained.  For  take-off  and  landing  measurements  the  highest 


1  rw  .rrWMTW.rVTf  TiT*  .W  TTVAT 


i.  tvt.b-  .i7v;mr 


RTF  xrw  KTW' V7W  inTTirTT  1  ■■»  iCT.VV  v 


REPRODUCED  AT  GOVERNMENT  EXPENSE 


•  U  H.lr 


23 


accuracy  Is  usually  obtained  when  the  two  klnetheodolltea  are  placed  on  both  sldea  of  the  trajec¬ 
tory,  near  the  middle  of  that  trajectory.  If  thla  la  Impossible,  the  best  compromise  must  be 

-A 

chosen  using  graphs  like  Figure  13.  This  gives,  for  assumed  angular  errors  of  10  radians  In 
elevation  and  azimuth  and  for  a  distance  between  klnetheodolltea  of  1000  m,  the  magnitude  of  the 
errors  In  X,  Y  and  Z  of  the  target  at  zero  height,  similar  graphs  exist  for  other  distances 
between  klnetheodolltea  and  heights. 

-  When  the  positions  have  been  chosen,  the  co-ordinates  must  be  measured  accurately  by  survey. 

By  the  same  method  the  elevation  and  azimuth  of  a  number  of  characteristic  points,  as  seen 
from  the  klnetheodolltea,  must  be  accurately  measured.  Such  characteristic  points  can  be  on 
towers  or  other  dotstnnding  fixed  objects,  or  on  objects  especially  placed  there  for  that 
purpose. 

-  Before  each  series  of  measurements  a  number  of  pictures  are  taken  of  each  of  these  characteristic 
points  and  the  camera  shutters  are  synchronized  exactly  as  described  in  the  previous  section. 

Excluding  the  geodetic  survey,  which  is  usually  made  beforehand,  the  setting  up  of  a  pair  of  klnathao- 
dolltes  will  take  about  half  a  day. 

Another  Important  point  Is  the  choice  of  the  reference  point  on  the  aircraft,  for  which  the  position 
must  be  measured  on  the  picture.  This  point  must  be  visible  for  both  cameras  during  the  complete  manoeuvre. 
If  this  Is  taken  too  far  from  the  centre  of  gravity  of  the  aircraft,  a  correction  must  be  applied  for  the 
attitude  of  the  aircraft,  which  must  then  be  measured  also.  For  hlgh-accuracy  measurements  a  lamp  la  often 
mounted  on  top  or  below  the  fuselage,  as  near  as  possible  to  the  centre  of  gravity  of  the  aircraft. 


3. 2. A  Data  processing 

The  goal  of  the  data  processing  la  to  produce  the  azimuth  and  elevation  values  of  the  reference  point 
on  the  aircraft  from  each  picture.  A  block  diagram  of  the  data  processing  is  given  in  Figure  14. 

During  film  reading  the  azimuth  and  elevation  values  and  the  picture  number  are  read  and  the  position 
of  the  reference  point  on  the  aircraft  relative  to  the  cross  hairs  is  measured.  These  data  define 
the  direction  of  the  line-of-sight  from  the  particular  camera  to  the  aircraft.  They  are  sent  to  a  computer, 
where  they  are  combined  with  the  data  from  the  pictures  from  the  other  klnetheodollte(s) ,  with  the  timing 
data  recorded  at  the  command  station,  and  with  the  position  co-ordinates  of  the  klnetheodolltea. 

The  computer  then  calculates  the  trajectory. 

Thla  film  reading  involves  much  time-consuming  manual  labour.  Much  work  has  been  done  on  reducing  that 
labour.  As  already  mentioned.  In  many  theodolites  the  elevation  and  azimuth  scales  have  been  replaced  by 
coded  discs,  the  positions  of  which  can  be  directly  recorded  at  the  command  station.  Complex  film  readers 
are  available  in  which  variable  magnification  of  the  projector  and  simple  movement  of  the  picture  can  be 
used  to  position  fiducial  markings  on  the  projection  table,  and  in  which  the  position  of  the  cross 
hairs  used  to  measure  the  reference  point  on  the  aircraft  picture  is  recorded  directly  when  a  footswltch  Is 
pressed.  These  (very  expensive)  film  readers  considerably  reduce  the  time  required  for  reading  of  films  and 
eliminate  several  sources  of  errors. 


3,2.5  Accuracy  of  the  measurements 
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A  detailed  analysis  of  the  functioning  of  a  kinetheodolite  reveals  the  following  causes  of  errors  in 
the  measurement  of  azimuth  and  elevation! 
a.  errors  due  to  poor  construction  or  poor  maintenance: 

-  errors  fn  the  orthogonality  of  the  axes  of  rotation 

-  errors  due  to  eccentricity  of  the  azimuth  and  elevation  scales 

-  lack  of  parallelism  between  the  line  connecting  the  reticules  defining  the  optical  axis  and  the 
elevation  axis 

-  graduation  errors  on  the  Beales 

-  mechanical  play 
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b.  errors  due  to  poor  use  ot  l he  available  adjustment  possibilitien: 

-  errors  In  the  adjustment  ol  tho  levels 

-  collimation  error 

-  error  In  the  positioning  of  the  elevation  scale 

-  distortion  in  the  objective 

c.  errors  due  to  deformation  of  tho  kinetheodolite,  its  support  or  the  film: 

-  deformations  due  to  ageing  of  components 

-  deformations  due,  to  temperature,  vlnd  or  forces  exerted  by  the  operators 

-  deformation  of  the  fflm  between  the  taking  of  the  picture  and  its  reading 

d.  errors  due  to  non-rectlllnear  propagation  of  light 

e.  errors  in  the  use  of  the  kinetheodolite: 

-  errors  in  the  measurement  of  the  positions  of  the  klnetheodolltes 

-  levelling  errors 

-  errors  in  the  aslmuth  and  elevation  of  tha  characteristic  points  meaaured  during  setup 

f.  errors  in  the  data  processing 

-  errors  in  the  reading  of  the  rsctlcule  Images  dsfinlng  the  optical  axis 

-  errors  in  the  reading  of  the  reference  point  on  tha  aircraft 

-  linearity  errors  in  the  film  reader 

-  errors  in  the  magnification  ratio  of  tha  film  reader 

-  use  of  over-simplified  calculation  methods. 

There  are,  therefore,  more  than  twenty  causes  for  errors,  soma  of  which  are  systematic  and  others  random, 
and  a  complete  error  analysis  is  vary  complex.  It  is  usually  sufficient  to  reduce  the  systematic  errors 
to  negligible  values  by  adjustment  and  to  determine  the  random  errors  from  repeated  measurements  of  the 
characteristic  points  mentioned  in  Section  3.2.3.  This  will  provide  an  overall  order  of  magnitude  of  the 
errors  in  elevation  and  azimuth  for  each  kinetheodolite.  Previous  experience  with  tha  same  klnetheodolltaa 
should  also  be  used. 

If  the  errors  in  the  azimuth  and  elevation  measurements  are  known,  it  is  possible  to  calculate  the 
errors  in  the  position  co-ordinates  of  the  aircraft.  In  the  case  of  measuresnnts  with  one  kinetheodolite 
this  depends  on  the  lateral  deviation  ¥  of  ths  aircraft  from  its  assumed  path,  which  is  not  measured. 

If  this  is  assumed  that  the  error  in  tha  distance  D  between  the  kinetheodolite  end  the  assumed  trajectory 
(saa  Figure  6)  is  large  with  respect  to  the  lateral  deviations  ¥  of  the  aircraft,  then  eq.  (3.2.1)  can 
be  written  as 

X  -  (D+Y)  tan  A 

(3.2.9) 


and  tha  following  error  equations  can  be  derived 


AX  -  ¥  tan  A  +  ■^aL. 

cos*A 


(4.2.10) 


AZ  .  y  +  aa.d  un  A  .  «S_*  +  - 

cos  A  cos  A  cos  A  cos*B 


Calculations  have  been  made  using  representative  values  for  the  parameters  in  these  equations  (D  «  500  m, 
AA  -  AE  •  10  4  rad,  A  <  1  rad,  2  <  0.5  rad).  These  show  that  the  coefficients  of  Y  are  of  tha  seme  magni¬ 
tude  or  larger  than  the  values  of  the  remaining  terms  in  the  equations  if  A  is  more  than  a  few  degrees. 
This  means  that  for  Y  values  of  1  metre  or  more  the  lateral  deviation  from  tha  nominal  track  dominates  the 
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Much  higher  accuracies  can  be  attained  if  2  klnctheodoHtes  ara  used.  The  error  equations  for  that 
method  can  be  derived  by  differentiation  of  eq.  (3.2.3)  and  (3.2.4) 


A  A  |  sin^A-,  +  AA2  sin2A| 

X  "  sin  A~.sin  A- .» in(A.-A-) 

1  2  12  (3.2.11) 

AA,  sin2A|  -  AAj  sin2A2 
Y  "  ~  sin  A~  -"sin  A 2 


AZ 

Z 


AE |  AE2  sin  A2  ♦  sin  A(  cos(A|-A2) 

s"in2K  +  iln2E2  +  ”"**  sin  A|  sin(A|-A2) 


ain  A|  +  sin  A2  cos  (Aj-A^ 

+  sin  Aj  sin^A|-A2)  AA2 


Expressed  in  standard  deviations  and  assuming  that  o(E^) 


o(*2)  "  a(Aj)  "  o(*2)e  o(A)  this  becomes 


/  sin1*  A  |  +  sin^Aj 
sltT A(  sin  A2  iln(A|-A2)  ‘  0 ^ 


/  sin^  2Aj  +  sin'  2A2 
sin  A |  -  sin  A2 


.  o(A) 


(3.2.12) 


sin^Aj  +  ain^Aj 


J  _ 

sill2  2E 


I 


(sin  A.  +  s in  A-  \ 

2  sin  A{  sin  Aj  “  ')  cot*n* (A|“V  +  “ 


sin2  2E. 


in2Aj  sin2A2  sin2(Aj-A2) 


.  0(A) 


Tha  assumption  that  the  lines  of  sight  Intersect  Is  not  realistic.  The  calculation  can  also  be  made  without  that 
assumption.  The  formulas  are  then  more  complex.  Tha  results  are  usually  presented  as  In  Figure  13)  for  one 
selected  value  of  the  distance  2D  between  the  klnathaodolltes.  for  one  selected  value  of  the  RMS  angular 
error  o(A)  and  for  one  selected  altitude  Z.  it  should  be  noted  that: 

-  these  graphs  are  different  for  each  altitude  Z 

-  the  errors  are  Inversely  proportional  to  the  distance  P^P^  between  the  two  klnathaodolltes 

-  the  errors  depend  on  the  values  of  <j(A)  and  o(E).  If  these  are  all  increased  by  the  same  ratio, 
the  errors  will  Increase  by  tha  same  ratio. 


A  general 
films  are  good 


impression  of  tha  accuracy  that  can  be  obtained  with  wall  maintained  klnathaodolltes,  when 
and  the  film  reading  has  been  done  with  sufficient  care,  la  glvsn  by  the  following  table: 


Parameters 

Errors  using  2  klnathaodolltes 

6000  m  >  X  >  2000  m 

2000  m  >  X  >  1000  m 

1000  a  >  X  >  0 

X 

5  m 

1  m 

0.5  m 

Y 

5  m 

1  0 

0.5  m 

Z 

2  m 

0.5  0 

0.3  m 

V 

X 

3  m/s 

2  m/s 

1  m/s 

V 

5  m/s 

2  m/s 

I  m/s 

V 

z 

2  m/s 

1  m/s 

0.5  m/s 

The  accuracy  of  the  results  can  be  Increased  somewhat  by  smoothing.  Even  if  smoothing  Is  applied,  acceler¬ 
ations  calculated  from  them  will  not  be  very  accurate.  A  dissuasion  on  tha  accuracy  of  a  klnatheodolite 
system  is  given  in  Ref.  30. 
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3.2.6  Application!  of  klm  i  i,.  udollt«« 

Th*  Aakanla  theodolite  Inscribed  above  la  relatively  easily  transportable  and  has  an  accuracy  which 
la  of  the  same  order  aa  thm  of  the  aore  Modern  klnetheodolitae.  The  aaln  advantage  of  many  of  the  other 
klnetheodolltea  la,  that  the  frame  number  and  the  aaluuth  and  elevation  of  the  camera  need  not  be  read 
from  the  picture  frame.  Many  theodolites  are  equipped  with  a  digital  frame  counter  and  coded  dlski  for  the 
azimuth  and  elevation  maaaut ,  ment.  These  outputs  are  recorded  on  tape,  or  directly  sent  to  a  computer 
which  then  provides  the  rough  trajectory  In  real  time.  The  film  reading  la  then  somewhat  reduced  and 
writing  arrora  are  eliminated  for  these  parameters.  Another  modern  feature  la  a  coupling  to  a  lock-follow 
radar,  which  permits  earlier  Interception  of  the  target.  Many  of  the  modern  klnetheodolltea  are  permanently 
mounted  on  towers  on  a  test  airfield,  which  limits  their  usage  to  that  one  Instrumented  airfield  but 
reduces  the  work  involved  la  setting  up.  At  present  fully  automated  theodolite  ayttemB  are  being  investi¬ 
gated  (see  Section  3,5.1).  They  will  use  computers  with  ahapa-detactlon  programmes,  which  can  detect  a 
marker  on  the  aircraft  and  make  the  klnatheodolita  follow  the  target  automatically.  It  Is  not  clear  yet 
whather  such  klnetheodolltea  will  be  able  to  compete  with  other  types  of  trajectory  measurement,  such  as 
laser-theodolites  and  methodu  using  Inertial  systems. 

Klnethoodolltas,  when  used  with  the  experienced  personnel  that  ara  available  In  many  places  around  the 
world,  are  still  regarded  by  many  as  the  most  reliable  and  accurate  method  for  close-range  trajectory 
measurements.  Their  disadvantages,  mainly  the  amount  of  manual  labour  by  experienced  operators  required  for 
data  processing  and  the  long  data  proceeding  delays,  have  led  to  the  development  of  many  of  the  other 
methods  of  trajectory  measurement  described  In  this  AOAXDograph .  Until  very  recently  none  of  these  other 
methods  could  produce  results  with  similar  reliability  and  accuracy.  Klnetheodolltea  play  an  Important  role 
as  a  reference  method  in  thu  development  of  other  methods. 

The  main  disadvantages  of  the  use  of  klntheodolites  era: 

-  Very  laborious  and  time  consuming  data  processing 

-  A  requirement  for  very  good  weather  conditions.  With  optimal  visibility  a  range  of  IS  km  can  be 
attained,  but  this  la  markedly  reduced  If  the  weather  la  not  perfect, 

-  A  relatively  large  number  of  experienced  operators  le  required,  both  for  operation  of  the  theo¬ 
dolites  and  for  film  reading. 

-  In  modern  taka-uff  and  landing  performance  analysis  the  accuracy  of  the  velocities  and  acceler¬ 
ations  is  of  high  interest.  The  klnethoodolltes  provide  a  very  high  position  accuracy,  but  the 
velocities  and  accelerations  must  be  calculated  by  single  and  double  differentiation  of  the 
poult  Ion  data.  Soma  of  tha  othar  methods  (especially  those  using  Inertial  ayatams)  provide  about 
the  tit’DM  position  accuracy  but  much  higher  accuracies  for  the  vslocltien  and  accelerations. 


3.3  Other  methods  using  cameras  on  tha  ground 
3.3.1  Introduction 


Tha  almplast,  and  probably  oldaat,  mathod  uses  a  fixed  camera,  which  looks  perpendicular  to  the  tra¬ 
jectory.  Tha  focal  length  and  distance  ara  chosen  so  that  tha  whole  trajectory  is  within  tha  flald  of 
view  of  tha  camera.  Pictures  are  taken  at  constant  time  intervals,  Tha  focal  langth  can  be  calibrated 
by  using  lsndmsrks  on  tha  pictures,  tha  directions  of  which  relative  to  tha  camera  art  known.  Tha  accuracy 
is  leas  than  that  of  a  klnatheodolita  becauae  of  the  much  larger  flald  of  vlaw  that  la  required. 

Tha  Fairchild  F-47  taka-off  and  landing  camera  was  a  compromise  between  tha  costly  klnethaodollte 
and  the  too  Inaccurate  fixed  camera.  It  could  follow  the  aircraft  In  axlmuth,  but  not  In  elevation.  Tha 
turn  axle  1*  vertical  and  the  azimuth  motion  la  damped  by  a  "gyroscopic  haad",  In  which  a  heavy  disc 
immersed  In  fluid  is  directly  attached  to  the  earners.  The  camera  la  turned  by  an  observer  who  uses  a  sight 
to  direct  it  tovardB  the  aircraft.  Each  picture  shows,  in  addition  to  tha  aircraft,  readings  of  azimuth 
(to  0.0$  degrees)  and  time  (to  10  milliseconds).  For  azimuths  within  1  30  degrees  from  the  perpendicular 
to  tha  runway  centre  line,  an  accuracy  of  a  few  metres  In  distance  la  attained  and  an  accuracy  of  3  X  in 
the  aircraft  velocity. 
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In  another  mu t hod,  that  was  extensively  applied  In  several  countries,  a  camera  with  two  degrtes  of 
freedom  Is  used,  which  photographs  the  aircraft  through  a  wire  grid  before  the  camera.  Plane,  cylindrical 
and  spherical  gride  ore  used  (Figure  15).  The  accuracy  depends  critically  on  the  precision  with  which  the 
grids  are  constructed  and  positioned. 

A  very  ingenious  camera  Is  the  Fairchild  Model  IV  A  Photographic  Flight  Analyser  tuke-off  and  landing 
camera.  This  is  a  fixed  camera  with  a  field  of  view  of  90  degrees.  The  camera  must  be  positioned  eo  far 
from  the  plane  of  the  trajectory  that  the  part  of  Interest  of  the  flight  la  just  within  that  angle.  The 
Ingenuity  lies  in  the  fact  that  up  to  58  pictures  of  the  aircraft  are  made  on  one  photographic  glaea  plate 
(Figure  16).  Each  picture  Is  made  through  a  narrow  slit  that  moves  directly  in  front  of  the  glass  plate. 

This  alit  la  displaced  manually  by  the  operator,  who  follow*  the  aircraft  through  binocular*  that  turn 
with  the  alit  movement.  The  pictures  aru  mad*  automatically  at  regular  angular  Intervals.  The  time  of  each 
picture  is  printed  below  it,  with  a  sensitivity  of  1  millisecond.  The  shutter  spaed  Is  1/ 1000th  of  a  second. 
It  is  claimed  that  velocities  can  be  determined  to  an  accuracy  of  0.5  m/s  and  acceleration*  to  0.3  m/a*. 

The  glass  plates  are  very  stable  and  different  trajectories  can  be  compared  by  putting  two  plates  on  top 
of  each  other. 


3.3,2  Vertical  camera 

An  application  of  the  ground-batted  camera  still  in  general  use  Is  the  vertical-looking  camera  for  the 
calibration  of  static  pressure  errors.  The  aircraft  flies  over  the  camera  at  a  height  of  the  order  of 
100  metres,  with  its  wings  level,  The  earners  take*  a  picture  when  the  aircraft  la  directly  above  It. 

The  geometric  height  of  the  aircraft  can  then  be  calculated  from 

Hg  -  f  ^  (3.3.1) 

where  S  «  the  wing  span  of  the  aircraft 

S'  -the  wing  span  on  the  picture 
f  «  the  focal  length  of  the  camera 

The  combination  of  focal  length  and  the  height  of  the  aircraft  auet  be  carefully  choaan  to  ensure  that  the 
full  span  will  be  shown  on  the  picture.  This  can  usually  be  achieved  by  making  S'  about  on*  third  of  the 
picture  dimension  or  las*  depending  on  the  speed  of  the  aircraft.  In  order  to  calculate  the  static  preaaura 
error  the  weight  of  the  air  column  between  the  camera  and  the  aircraft  must  be  known.  This  can  be  dona  by 
measuring  pressure  and  temperature  on  the  ground  and  measuring  temperature  In  the  aircraft.  If  the  weather 
is  stable,  no  sunshine  and  no  pressure  disturbances  (measursments  in  an  open  area  such  a*  an  airfield), 
the  pressure  altitude  error  can  be  calculated  to  an  accuracy  of  a  few  feet. 


3. A  Methods  using  on-board  cameras 


3. A. 1  Introduction 


For  many  tests  the  use  of  ground-based  cameras  (or  other  ground-based  measuring  devices)  poses 
problems.  ThiB  la  especially  the  case  if  testa  have  to  be  don*  at  airfields  which  have  no  permanent 
instrumentation,  which  often  occur*  when  tests  must  be  made  under  artic  or  tropical  conditions  or  alt 
high-altitude  airports.  In  those  cases  it  can  be  of  great  advantage  if  all  (or  nearly  all)  measuring 
equipment  is  installed  in  the  aircraft. 

Until  the  development  of  methods  using  inertial  sensors  (sea  Chapter  5)  the  only  methods  uelng  mainly 
on-board  equipment  were  those  using  on-board  cameras.  These  methods  were  used  extensively  for  take-off  and 
landing  performance  measurements  in  many  countries.  For  this  application  they  are  now  gradually  being  re¬ 
placed  by  more  modern  methods  such  as  laser  tracking  and  the  us*  of  inertial  platforms.  The  on-board 
camera  methods  are,  however,  receiving  a  new  impetus  from  autoland  testing.  It  Is  perhaps  the  best  method 
to  achieve  the  i0.3  metres  accuracy  required  for  the  determination  of  the  touchdown  point  (see  Section 
2.3)  on  many  different  airports. 

The  on-board  cameras  usually  take  pictures  of  the  landing  and  cantre-llna  lights  along  the  runway.  The 
positions  of  these  lamps  are  usually  not  known  to  the  required  accuracy,  so  that  these  must  be  measured 
beforehand  by  survey  methods, 
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Th*  noHt  generally  applied  method  uses  forward- looking  cameras  In  tin  imaa  of  the  aircraft. 
Thla  method  It.  described  In  tho  Section  3.4.2,  An  application  with  a  Bldo  Itn.king  camera  is  briefly 
described  In  Section  3.4.3. 


3.4.2  Measurements  using  a  i orward-loofclng  camera 


The  description  glvan  here  la  mainly  based  on  the  method  developed  in  the  Netherlands  (Ref,  31). 

The  net hods  used  elsewhere  (USA,  France)  ere  very  similar.  The  runway  lights  are  photographed  end  the 
position  and  attitude  of  tl)«  aircraft  are  calculated  fron  the  positions  of  the  lamps  on  the  picture. 

The  principle  of  the  method  Is  shown  In  Figure  17.  The  camera  la  usually  tilted  down  somewhat,  so 

that  ee  many  leaps  as  possible  are  on  the  picture.  The  accuracy  of  the  measurement  lncreasee  as  lamps 

close  to  the  aircraft  are  used.  Drawing*  of  film  pictures  are  glvan  In  Figures  18-21.  Th*  data  processing 
provides  6  parameters)  the  distances  X  (along  th*  runway),  Y  (relative  to  th*  centre  line  between  th* 
leap  rows)  and  Z  (height)  and  the  angle*  e  (pitch),  tp  (roll),  end  p  (yaw  relative  to  th*  centre  line). 
Therefore,  th*  positions  of  at  least  (  lamps  must  be  measured.  Usually  a  few  sore  lamp*  are  measured  on  the 
picture  and  th*  redundant  Information  Is  used  to  check  the  apparent  focal  length  and  to  calculate  a  figure 
of  quality. 

Th*  principle  of  the  calculation  is  shown  In  Figure  18  for  a  vary  much  simplified  caaa.  In  this  case 

4  of  the  i  parameters  are  terot  g,  if,  ^  and  Y.  For  the  calculation  of  the  remaining  two  parameters,  X  and 

Z,  only  two  lamp  positions  are  required.  These  have  been  chosen  ae  lamps  on  each  side  of  ths  runway  centre 
line.  Figure  18a  shows  th*  vertical  plan*  through  the  runway  centre  line,  Figure  18b  th*  plan*  through  the 
lamps  end  th*  camera  optical  centre  and  Figure  18c  shows  th*  picture  swda  by  the  camera  In  th*  nos*  of  th* 
aircraft.  As  9  ■  0  (th*  optical  axis  Is  horlaontal)  ths  horlson  Is  In  tha  middle  of  the  picture.  By  slaple 
geometry  It  can  be  seen  that  tha  co-ordinates  of  th*  aircraft  with  respect  to  the  lamps  can  be  caleualted 
fro* 


whara  X  »  th*  horliontal  distance  between  th*  camera  and  th*  lamps 
Z  ■  tha  height  of  tha  camera  above  th*  runway  reference  height 
ZL  *  tha  height  of  th*  leap  above  th*  runway  reference  height 
f  «  th*  focal  length  of  tha  camera 

XL1*  XL2  *nd  yl  “  th*  so-ofdinates  measured  on  th*  picture. 

For  th*  definition  of  tha  runway  reference  co-ordinate  eystem  see  Appendix  1.  It  should  ba  notad  that  tha 
curvature  of  tha  Y-exls  can  ba  neglected  In  th*  calculation,  because  tha  horlsontal  distance 
to  th*  lamps  used  Is  small  (a  few  hundreds  of  metres  at  most). 

For  th*  general  case,  where  all  six  outputs  are  non-sero,  th*  equations  are  complex  and  a  computer  Is 
used  for  the  calculation.  Figures  19-21  show  drawings  of  typical  pictures. 

Pictures  can  be  made  on  black  and  white  film  and  on  color  (negative  or  reverse)  film.  Color  film  usual¬ 
ly  gives  slightly  batter  results,  especially  under  critical  light  conditions.  The  shutter  speed  must  be  as 
short  as  possible,  1/2S0  second  or  less.  At  a  speed  of  100  kts  th*  aircraft  will  eov*  20  centimeters' 


} 


during  1/230  second,  so  th*  lamps  will  not  be  sharp  on  the  picture  and  th*  film  reader  must  choose  th* 
centre  of  a  small  blurred  speck. 

Film  reading  la  usually  don*  on  special  film  readers,  th*  asms  as  are  used  for  klnetheodolltes.  They 
rang*  from  relatively  cheap  (with  more  manual  work)  to  complex  and  expansive.  Tha  measured  co-ordinates 
are  usually  directly  entered  Into  a  computer,  which  then  does  the  calculation. 

A  special  problem  Is  posed  by  the  fact  that  the  distance  X  along  th*  runway  Is  calculated  relative 
to  the  first  lamp  on  th*  picture,  and  that  this  lamp  must  first  be  identified.  In  practice  this  Is  not  a 
great  problem  as  specific  lamp  patterns  occur  near  exits.  During  landings  tha  first  lamp  of  th*  runway  can 
be  Identified.  Once  on*  lamp  on  on*  picture  has  been  Identified,  the  computer  will  calculate  which  lamps 


are  seen  on  th*  basis  of  an  approximate  value  of  ground  speed  entered  Into  the  computer. 
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The  ...  cur.i.  \  i  l  i  ho  inuthud  has  been  iii>nu:>ued  on  the  basis  of  comparisons  with  giuund-based  cameras 
amt  airelt  ronctein  ,md  l rora  error  calculat lone  using  datu  from  redundant  lamps.  The  accuracy  decreases  as 
the  first  lamp  it.  luithur  away.  For  a  distance  of  about  100  m  from  the  camera  to  the  fiiBt  lamp  the  follow¬ 
ing  accuracies  can  be  attained! 

In  X  :  +  0.6  • 

In  Z  t  +  0.12  m 

in  e  t  i  0.06  degrees  •  t  1  milllradlan 


3.4.3  Side-looking  camera 
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A  problem  with  the  nose  cameras  la  that  the  accuracy  depends  so  much  on  the  diutance  to  the  flrat 
useable  lamp.  Especially  during  the  Important  pltch-up  period  of  a  take-off,  this  flrat  lamp  can  be  far 
away.  A  solution  for  this  problem  la  provided  by  the  Llorl  camera  syetam,  which  was  developed  in  Franca, 

A  similar  eystem  has  baen  used  by  Lockheed, 

The  camera  if  mounted  below  the  fuselage ,  with  the  lens  looking  down,  A  mirror  system  attached  to 
the  camera  reflects  the  light  from  the  runway  boundaries  into  the  camera  (Figure  22).  The  two  mirrors  do 
not  touch  In  the  centre,  so  that  a  slit  of  2  degrees  la  left  free  through  which  the  camera  see*  tha  runway 
centre  line. 

Tha  principle  of  tha  calculations  la  shown  in  Figure  22,  for  the  case  that  tha  roll  angle  tp,  tha  yaw 
angle  if  and  the  lateral  displacement  of  the  aircraft  Y  are  aaro.  Tha  pitch  angla  0  can  then  be  calculated 
directly  as  half  the  angle  between  tha  lines  on  the  picture  through  the  lamp  images.  Tha  height  of  the 
optical  centre  of  the  camera  above  the  lamps  Is  (ace  Figure  22) t 


Z  -  (OOj  +  OjOjj  +  0203)  cos  e  (3.4.2) 

00 j  is  the  fixed  distance  h  between  the  optical  centra  and  tha  point  of  intaraaction  of  tha  planes  of  the 
mirror  surfaces  with  the  optical  axis.  0^  can  be  calculated  by  first  calculating  0A  in  tha  triangle 
0A0j  using  the  sine  rule,  and  than  0^  In  the  triangle  °1A02  using  tha  sine  rule: 


(3.4.3) 


If  B  Is  the  actual  distance  between  the  lamps  on  opposite  sidea  of  tha  runways,  than 


Combination  of  these  equations  yields  the  following  expression  for  ths  height 


(3.4.3) 


where  0  »  tha  angle  between  the  optical  axis  and  tha  vertical  (■  the  aircraft  pitch  angla  of  the  aircraft 
If  the  camera  looks  parallel  to  tha  aircraft  Z-axls) 

B  »  the  distance  between  lamps  on  opposlts  fields  of  the  runway 
h  -  the  fixed  distance  00 ^  in  Figure  22 
6  •  the  angle  of  tha  mirror  (see  Figure  22) 
f  ■  the  focal  length  of  the  camera 
xg  -  the  distance  on  the  film  Indicated  In  Figure  23 

0  can  be  calculated  from  tha  film  picture  as  shown  above  and  all  other  values  are  constants  except  xq, 
which  can  be  measured  on  tha  film  picture. 

For  the  calculation  of  X  with  respect  to  lamp  1  we  first  calculate  the  X  co-ordinate  of  the  point 
where  the  optical  axis  intersects  the  ground. 
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Thu  co-ordinates  fm  this  point.  In  the  symmetrical  case  considered  hers.  Is,  In  the  notations  of 
Figure  23: 

X'  -  X,  t  — J L  (3.4.6) 

i  y,  *»2 

The  X  co-ordinnte  ut  the  optical  centre  of  the  lens  is  then 

y 

X  ■  X'  -  Z  cos  ii  ■  X.  +  - -- - .  L  -  H,  cos  0  (3.4.7) 

i  y!+y2  l 

where  •  the  height  of  the  lamps  above  the  reference  surface. 

In  the  general  case,  in  which  <p,i|i  and  Y  are  not  aero,  the  calculation  is  more  complex.  Then  the 
position  of  the  runway  centre  line  on  the  picturu  is  also  used.  The  accuracy  depends  very  much  on  the 
precision  with  which  the  mirrors  are  fixed  with  respect  to  the  camera.  In  practice,  errore  of  the  same 
order  as  those  for  the  nose  camera  method  are  found. 


3,5  Optical  methods  without  photographic  cameras 
3.3.1  Ceneral  introduction 


Until  quite  recently  the  use  of  optical  methods  for  trajectory  measurement  simply  meant  photographic 
recording.  Recent  developments  in  video,  infra-red  and  laser  techniques,  together  with  the  development  of 
computer  programmes  which  can  perform  automatically  the  tasks  which  the  operator  of  the  film  reader  has  to 
do  manually,  nra  now  completely  changing  the  situation.  At  present  it  would  seem  that  the  laser  tracker, 
described  in  Section  3.3,2  below  is  the  most  likely  candidate  for  succeeding  the  kinetheodolltas  ae  the 
precision  instruments  for  trajectory  measurements.  But  so  much  devalopmsnt  is  going  on  in  parallel  fields 
that  this  may  well  change  in  the  next  few  years.  At  this  point  in  time  it  cannot  be  said  that  these  methods 
have  completely  replaced  the  photographic  methods,  but  they  are  rapidly  gaining  ground.  It  in  still  diffi¬ 
cult  to  attain  the  accuracy  and  reliability  that  kinethoodolltea  provide  when  operated  by  experienced  field 
operators  and  film  readers.  But  this  is  rapidly  improving  snd  the  advantages  era  overwhelming)  simpler 
operation,  requiring  less  highly  qualified  personnel,  end  automatic  data  processing,  including  real-tlma 
presentation  of  the  processed  results. 

Before  treating  the  laser  theodolites  in  some  detail  in  the  next  section,  a  few  developments  in  ths 
other  fields  rauntioned  above  will  be  briefly  reviewed.  As  the  starting  point  was  the  photographic  klnathao- 
dollte,  video  method))  aeem  an  obvious  candidate  for  its  succession.  A  review  of  the  state  of  development 
of  video  cameras  is  given  In  Ref.  32,  Studies  to  replace  the  klnatheodolita  by  a  video  camera,  retaining 
the  manual  operation  and  tho  manual  picture  reading  le  being  investigated  at  the  A  6  AEG  in  ths  UK, 

At  the  Naval  Air  Development  Center  in  the  USA  a  similar  system  is  being  investigated  (Ref.  33),  but  there 
semi-automatic  data  processing  using  image  processing  techniques  in  a  computer  is  considered.  For  the 
present  it  would  seem  that  fully  automated  systems,  using  on-line  shape  detection  processing  as  the  basis 
for  automatic  tracking,  will  be  difficult  to  realise  because  of  the  high  background  noise.  Video  can,  how¬ 
ever,  have  an  Important  function  as  a  monitoring  system  for  automatic  tracking  systems.  It  is  used  in  this 
function  in  the  STRADA  laser  tracker  described  in  the  next  section. 

Infra-red  techniques  have  been  applied,  with  different  stages  of  automation,  to  the  tracking  of  air¬ 
craft  for  ILS  calibration  (sea  eg.  Ref.  29,  Fart  2,  Section  7.3).  In  that  application  the  detector  is 
placed  on  the  ground  near  the  glide  path  antenna  and  tracks  a  light  bulb  mounted  on  the  aircraft .  ’This 
system  is  vary  useful  for  measuring  the  angular  deviations  from  the  line  defined  by  the  intersection  of 
the  glide  slope  and  localizer  planes.  Another  application  of  infra-red  techniques  for  measuring  aircraft 
trajectories  is  the  method  mentioned  in  Section  3.3.4  and  described  in  Ref.  34  for  measuring  aircraft  posi¬ 
tion  relative  to  the  runway  threshold. 
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3.5,2  Trajectory  measurements  uuin£  1  a ••  .era 
3,5.2. 1  General  napects 

The  laser  trackers ,  development  ot  which  started  in  the  early  1970s,  provide  in  many  respects  sn  im¬ 
portant  advance  over  the  earlier  optical  methods.  Their  primary  advantage  Is  that  the  aircraft  position 
and  velocity  coordinates  are  immediately  available.  The  accuracy  la  of  the  same  order  as  that  of  klnetheo- 
dolitea  and  onboard  cameras ,  and  only  one  unit  la  required  which  measures  elevation,  aslmuth  and  distance. 
The  principle  la  very  like  that  of  the  lock-follow  radar  (see  Chapter  4),  but  the  frequency  le  much  higher 
and  consequently  a  higher  accuracy  can  ba  achieved.  Tha  frequency  of  most  present-day  laser  trackers  is 
in  the  infra-red  region  and  for  this  reason  they  are  discussed  here  and  not  In  Chapter  4. 

Tha  Important  advantages  are,  however,  accompanied  by  a  few  disadvantages: 

-  tha  laser  beam  can  be  dangerous  to  human  eyes  and  consuquently  strict  precautions  must  be  taken 

-  s  reflector  is  required  on  the  aircraft. 

laser  trackers  can  be  stationary  (such  as  the  STRADA  system  used  In  France),  or  transportable  (in 
which  case  they  are  mounted  in  a  van),  in  the  naxt  section  the  principal  characteristics  of  the  laser 
trackers  will  be  highlighted  in  a  description  of  the  stationary  STRADA  system  developed  in  France. 

A  description  of  a  transportable  system  is  given  in  Ref.  35. 


3. 5. 2. 2  Ceneral  description  of  the  STRADA  system 

The  general  layout  is  given  in  Figure  24.  Tha  laser  tracker  is  mounted  on  a  tower  at  about  10  m  above 
the  ground  at  500  m  from  the  runway  centre  line.  The  tracker  measures  elevation  S,  aslmuth  0  end  slant 
range  R  with  respect  to  a  rectangular  coordinate  system  fixed  on  the  ground. 

In  ordsr  to  reduce  the  lasor  power  required  end  to  fix  a  specific  point  on  the  aircraft,  a  "corner 
reflector"  la  mounted  on  the  aircraft  (sea  Section  3.5.3).  Reflective  :  ape  is  also  used  for  this  purpose 
In  other  applications,  but  then  more  laser  power  must  be  transmitted  to  obtain  the  same  reflected  power 
at  the  receiver  optics. 

The  lasar  la  mounted  at  the  tower  top.  The  laser  itself  Is  fixed,  but  tha  beam  can  be  turned  about  a 
horlsontal  and  a  vertical  axis  by  means  of  a  mirror  system.  The  laser  of  STRADA  Is  of  tha  solid-state  laaer. 
The  active  medium  is  an  yttrium-aluminium  garnet  doped  with  neodynlum.  The  laser  emits  pulses  of  3200  He  which 
ara  generated  from  a  continuously  burning  lamp  by  a  system  of  rotating  mirrors.  The  aperture  Is  10  mllll- 
radlsns,  the  wave  length  is  1.06  pm  and  the  peek  power  Is  5  kW. 

A  general  block  diagram  of  the  system  is  given  in  Figure  25.  For  the  measurement  of  the  engular  mis¬ 
alignment  of  the  tracker  the  image  of  the  reflector  on  the  aircraft  Is  projected  on  a  cathode-ray  tube. 

If  the  reflector  image  is  not  at  tha  centra  of  tha  tuba,  tha  servo  motors  are  actuated  and  direct  the  laser 
beam  to  the  reflector  on  the  aircraft.  The  elevation  and  aslmuth  of  the  beam  are  measured  by  encoders,  the 
output  of  which  la  sent  to  the  computer.  The  slant  range  is  measured  by  two  cascade  diodes.  One  receives  a 
small  part  of  the  light  from  the  transmitted  beam,  the  other  receives  part  of  the  reflected  beam.  Tha  time 
between  the  pulses  generated  by  these  diodes  is  measured,  using  a  200  MHs  time  base.  The  average  of  64  of 
these  time  differences  is  calculated  and  la  sent  to  the  computer  50  times  per  second.  In  the  computer  the 
direction  and  distance  information  is  transformed  to  the  runway  co-ordinate  system  described  in  Appendix  1. 

The  X,  Y  and  Z  co-ordinates  of  the  aircraft  and  velocity  components  along  those  axis  are  plotted  on-line  on 
Btrlp  charts  and  recorded  on  magnetic  tape, 

The  whole  system  is  directed  from  the  control  desk.  On  the  desk  Is  a  television  screen  that  displays 
the  image  from  a  television  camera  that  moves  with  the  laser  beam.  It  is  focused  automatically  by  the  com¬ 
puter.  Target  acquisition  is  usually  done  manually  from  the  desk  by  moving  a  speck  on  tho  television  screen 
that  indicates  the  direction  of  the  laser  beam.  It  is  also  possible  to  acquire  the  target  automatically, 
using  information  from  a  lock-follow  radar. 

3. 5.2. 3  The  reflector  on  the  aircraft 

This  reflector  consists  of  an  assembly  of  so-called  corner  reflectors  or  retroref lectors,  i.e.  devices 
which  reflect  light  in  the  direction  from  which  it  came.  The  principle  of  a  corner  reflector  is  shown  in 
Figure  26,  It  consists  of  a  reflecting  internal  pyramid  in  which  the  top  angles  of  all  sidsB  are  90  degrees. 
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The  right-hand  figure  shows  the  path  of  a  light  ray  which  is  perpendicular  to  unu  of  the  edges  of  the 
pyramid:  the  reflected  ray  le  parallel  to  the  incident  r«y.  If  the  incident  ruy  is  not  perpendicular  to  an 
edge,  it  will  be  reflected  by  3  surfaces  of  the  pyreald,  with  the  eeae  reault. 

The  corner  reflectors  are  Bade  of  glees  or  quarts  coated  with  gold.  Their  effectiveness  depends  to  a 
high  degree  on  the  flatness  of  the  mirror  surfaces  and  on  the  exactness  of  the  angles  between  than.  Their 
production  becomes  more  difficult  with  Increasing  else.  The  effectiveness  is  also  affected  by  the  angle  of 
Incidence  of  the  laser  beaa.  It  Is  greatest  when  the  beam  Is  perpendicular  to  the  front  surface,  as  Indica¬ 
ted  by  the  arrows  In  Fig.  26.  As  the  angle  between  the  beam  direction  and  tho  perpendicular  increases,  the 
amount  of  reflected  light  first  decreases  slowly,  but  at  angles  of  the  order  of  45  degrees  the  rata  of 
change  bacoaes  high. 

« 

Figure  27  shows  how  these  problems  were  solved  for  autoland  measurements  with  STRADA.  When  the  air¬ 
craft  is  far  away  the  beaa  la  reflected  by  the  12  reflectors  on  the  one  side  (each  with  4  cm  diameter). 

When  the  aircraft  Is  on  the  runway  beside  STRADA,  only  the  4  reflectors  on  the  other  side  reflect  the  beam, 
The  large  surface  is  curved  to  eneure  a  gradual  changeover.  The  complete  assembly  measures  150x150x100  aa* 
and  has  a  mass  of  5  kg. 

The  best  position  of  the  reflector  on  the  aircraft  is  as  near  as  possible  to  the  center  of  gravity. 
Care  aust  be  taken,  however,  that  the  line  between  the  laser  end  the  reflector  cannot  be  obstructed  by 
parts  of  the  aircraft  at  any  point  of  the  trajectory.  In  practice  a  compromise  solution  must  be  found  for 
every  aircraft.  For  the  Concorde  autoland  tests  the  reflector  was  placed  on  the  nosewhael  strut,  for  the 
Caravella  and  the  Mystlre  XX  at  the  wing  leading  edge  at  the  root  of  the  wing,  for  the  Airbus  A-300  on  the 
emergency  exit  door  below  the  wing. 


3.5. 2. 4  Operational  end  safety  aspects 

The  STRADA  system  Is  highly  automstad  and  can  be  operated  by  one  man,  who  can  conduct  the  coaplete 
operation  from  the  control  desk.  There  the  azimuth  and  elevation  of  tha  laser  beam  era  displayed  digitally 
and  during  measurements  also  the  co-ordinates  of  the  aircraft.  All  equipment  can  be  switched  on  at  tha  control 
desk  and  the  system  can  be  set  in  the  acquisition  or  in  the  tracking  mode.  Switching  from  one  to  the  other 
of  thase  modes  can  also  be  done  by  tha  computer.  Tha  operation  of  the  television  camera  can  also  be  con¬ 
trolled  from  the  control  desk,  as  can  tha  adjustment  of  the  focal  distance  of  Its  zoom  lens. 

The  power  in  the  laser  beam  required  for  the  maximum  range  of  7  km  can  bs  dangerous  for  human  eyas  at 
shorter  distances.  Several  committees  all  over  the  world  have  tried  to  determine  what  quantities  of  laser 
energy  are  acceptable  for  the  human  eye.  This  has  resulted  In  safety  regulations,  which  daflna,  as  a 
function  of  the  emitted  power,  minimum  safe  distances  from  ths  laser  source.  For  the  STRADA  system  at  full 
power  this  distance  is  1100  m. 

In  the  STRADA  system  the  following  safety  measures  have  bean  taken! 

-  Operation  at  full  pover  is  only  allowed  in  a  certain  part  of  the  hemisphere  in  which  the  beam 
could,  In  principle,  move.  In  determining  this  part,  account  has  been  taken  of  the  trajectories 
which  may  have  to  be  measured  end  of  places  where  people  could  bs.  If  the  beam  at  full  power 
moves  accidentally  out  of  this  region,  ths  laser  transmission  la  cut  automatically. 

-  An  attenuating  disc  placed  In  ths  front  of  the  transmitter  automatically  reduces  the  emitted 

power  as  the  aircraft  approaches.  At  full  attenuation  ths  safe  distance  is  reduced  to  100  m.  This 
ensures  that  the  crew  of  the  aircraft  is  always  farther  away  than  the  minimum  safe  distance  from 
the  laser.  "*■ 

-  A  communication,  display  and  remote  control  system  has  been  developed  which  keeps  the  air  traffic 
controllers  informed  about  the  operation  of  the  laser.  They  can  stop  the  laser  trsnsmlslon  imme¬ 
diately  if  the  need  should  arise. 

-  Mechanical  stops  have  been  Installed  in  the  tower  which  make  it  impossible  for  the  moving  frasm 
to  move  to  certain  zones. 

-  All  personnel  are  alerted  not  to  look  towards  the  laser  through  optical  devices  such  as  telescopes. 
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4  TRAJECTORY  MEASUREMENT  USING  RADIO  AND  RADAR  METHODS 


4.1  Introduc 1  ion 


Electromagnetic  waves  at  frequencies  well  below  those  of  light  are  extenaivoly  used  for  radio  beacons 
for  civil  and  military  navigation  applications  all  over  the  world,  and  for  radars.  On-board  transmitters, 
receivers  and  transponders  are  readily  available  and  if  the  accuracy  and  range  are  sufficient  for  specific 
flight  test  purposes,  they  provide  a  very  cheap  way  of  trajectory  measurement.  In  many  cases,  however,  the 
accuracy  of  the  ground  beacons  and/or  the  airborne  equlment  are  not  sufficient  for  flight  test  purposes. 

They  have  been  designed  to  .meet  the  accuracy  requirements  for  normal  aircraft  navigation  and  their  general 
use  makes  it  necessary  to  produia  very  reliable  equipment  as  cheaply  as  is  consistent  with  those  require¬ 
ments.  The  principles  of  these  methods  often  allow  the  achievement  of  much  higher  accuracies  if  more  ad¬ 
vanced  design  principles  are  used.  In  this  chapter  we  will  briefly  review  the  systems  that  are  available 
for  normal  navigation  and  then  discuss  in  some  more  detail  a  few  further  developments  which  allow  higher 
accuracies. 

The  frequencies  of  the  measuring  Bystems  described  in  this  chapter  range  from  about  10  KHz  (30  km 
wavelength)  for  OMEGA  to  about  30  GHz  (1  cm  wavelength)  for  some  radars.  The  electromagnetic  waves  in  this 
range  have  a  number  of  properties  vhich  can  be  used  in  different  ways  for  the  measurement  of  the  position 
and  velocity  of  a  target.  The  most  Important  of  these  are; 

-  The  speed  of  electromagnetic  waves  in  vacuum  is  a  physical  constant.  The  affect  of  the  atmosphere 
on  this  speed  is  small  and  in  many  cases  corrections  can  be  applied  for  that  effect 

-  The  time  in  which  a  wave  travels  from  one  antenna  to  another  is  affected  by  the  frequency  of  the 
signal:  up  to  about  3  MHz  the  path  by  which  the  waves  travel  is  bent  along  the  surface  of  the 
earth,  in  the  range  between  3  and  30  MHz  they  are  nflected  by  ionospheric  layers  and  at  fre¬ 
quencies  above  about  30  MHz  they  only  travel  in  straight  pathB. 

-  The  waves  can  be  transmitted  omnidirectionally  or  in  narrow  beams,  depending  on  the  type  of 
antenna  used  and  on  the  frequency. 

-  The  waves  are  reflected  by  objects  such  as  aircraft.  Then  a  small  portion  of  the  transmitted 
energy  can  be  received  back  at  the  position  of  the  transmitting  antenna.  Spurious  reflections, 
e.g.  from  objects  on  the  ground  or  from  ionospheric  layers  can,  however,  affect  the  measurement, 

-  The  frequency  of  an  electromagnetic  signal  reflected  by  an  object  that  moves  with  respect  to 
the  transmitting/receiving  antenna  is  shifted  by  an  amount  proportional  to  the  relative  velocity 
between  the  object  and  the  antenna  (Doppler  effect). 

Section  4.2  briefly  reviews  the  techniques  by  which  these  properties  are  used  to  measure  aircraft 
position  and  speed.  These  techniques  are  mainly  based  on  two  measurement  principles: 

-  The  measurement  of  distance,  making  use  of  the  extreme  constancy  of  the  velocity  of  electro¬ 
magnetic  waves, 

-  The  measurement  of  the  direction  from  which  the  (reflected)  wave  is  received  (often  called  the 
line  of  sight),  making  use  of  narrow-beam  transmitters  and  determining  at  the  receiver  the  direc¬ 
tion  from  which  the  highest  (or  in  some  cases  the  lowest)  power  is  received. 

A  single  measurement  of  one  of  these  two  types  cannot  establish  the  position  of  an  aircraft.  To  establish 
an  unambiguous  position  by  distance  measurement  only,  distances  of  the  aircraft  from  at  least  three  differ¬ 
ent  points  must  be  measured.  Two  llne-of-sight  measurements  (each  usually  expressed  by  azimuth  and  elevation 
angle)  from  different  points  also  establish  an  unambiguous  position.  The  third  possibility  is  to  combine  one 
distance  measurement  with  one  measurement  of  the  line  of  sight  from  the  same  point.  These  measurement  prin¬ 
ciples  are  not  unique  to  radio  and  radar  measurements.  An  example  of  a  measurement  of  the  line  of  sight  is 
the  klnetheodollte  discussed  in  Section  3.2  (two  kinetheodolltes  are  required  to  establish  an  aircraft 
position)  and  an  example  of  a  combination  of  the  measurement  of  one  distance  and  one  line  of  sight  is  the 
laser  theodolite  described  in  Section  3.S.2. 

In  Section  4.2  a  few  of  the  general  principles  of  the  measuring  techniques  will  be  described,  sub¬ 
divided  in  techniques  using  distance  measurement  only  (4.2.i)  and  techniques  using  distance  and  line  of 
sight  (4.2.2).  Section  4.3  very  briefly  characterizes  the  methods  that  are  generally  available  for  normal 
navigation  and  tracking,  with  an  indication  of  the  accuracies  that  can  be  achieved.  Section  4.4  describes 
in  some  more  detail  a  few  more  accurate  methods  based  on  distance  measurement  only,  and  Section  4.5 
describes  the  use  of  radars  for  trajectory  measurement. 
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4.2  General  principles 

4.2.1  Methods  based  uu  distance  measurement  only 

Because  Che  speed  of  propagation  of  electromagnetic  waves  Is  almost  constant,  the  measurement  of  the  distance 
between  a  transmitter  and  a  receiver  Is  in  essence  a  measurement  of  the  time  during  which  the  signal  travels. 
In  order  to  measure  the  distance  with  an  accuracy  of  1  metre,  the  time  must  be  measured  with  an  accuracy  of 
3  nanoseconds.  That  meuus  that  the  transmitter  and  the  receiver  must  be  of  good  quality,  but  also  that  they 
must  be  synchronized  to  better  than  these  3  nanoseconds.  Such  synchronization  can  only  be  achieved  If  the 
transmitter  and  the  receiver  are  synchronized  to  a  common  time  base.  That  Is  relatively  easy  when  the  trans¬ 
mitter  and  receiver  are  at  the  same  location,  as  Is  the  case  with  radars.  If  they  are  not  at  the  same  loca¬ 
tion,  the  receiver  may  be  synchronized  to  the  transmitter  via  cables  or  a  radio  connection,  or  both  can  be 
synchronized  to  an  independent  reference  frequency.  In  these  cases  corrections  have  to  be  applied  for  the 
delays  In  the  cables  or  In  the  radio  transmission,  which  requires  that  the  relative  positions  are  known  to 
a  precision  that  Is  better  than  the  required  accuracy.  For  periods  of  a  few  hours  synchronization  can  be 
achieved  by  using  atomic  clocks  as  the  time  base  of  both  the  transmitter  and  the  receiver,  and  synchronizing 
these  before  the  start  of  the  test.  If  atomic  clacks  must  be  used  over  periods  of  more  than  a  few  hours, 
they  must  again  be  synchronized  to  a  master  atomic  clock,  as  Is  done  In  NAVSTAR  GPS  (Section  4.4.5). 

If  the  transmitter  and  the  receiver  are  co-located,  part  of  the  transmitted  signal  must  be  "reflected" 
to  the  receiver.  This  can  be  an  actual  reflection  as  in  the  case  of  radars  or  an  artificial  reflection  by  a 
transponder,  i.e.  a  device  which  retransmits  the  signal  it  receives  (In  some  cases  at  a  different  frequency). 
For  transponders  the  delay  between  the  reception  of  the  signal  and  its  retransmission  must  be  known  with 
the  required  accuracy.  Transponders  in  the  aircraft  are  also  used  for  "secondary"  radars  on  the  ground.  In 
order  to  Increase  the  signal  strength  of  the  "reflected"  signals. 

The  measurement  systems  based  on  the  direct  comparison  of  transmitted  ard  "reflected"  signals  are 
called  circular  systems,  as  the  measured  distances  define  (circular)  spheres.  Examples  of  circular  systems 
are  DME  and  the  distance  measuring  part  of  radars.  In  hyperbolic  navigation  systems  the  receiver  In  the 
aircruft  measures  the  differences  In  the  distance  from  the  aircraft  to  pairs  of  transmitters  on  the  ground. 
These  greund  transmitters  are  all  accurately  synchronized  with  each  other.  The  points  of  equal  signal  are 
on  hyperboloids  defined  by  the  positions  of  the  transmitters.  Examples  of  hyperbolic  systems  are  LORAN, 

OMEGA  and  Decca. 

From  the  point  of  view  of  trajectory  measurement  the  systems  which  only  use  circular  of  hyperbolic  in¬ 
puts  have  one  important  disadvantage:  the  measurement  of  height  Is  very  Inaccurate  when  the  height  of  the 
aircraft  above  the  plane  through  the  ground  antennas  is  less  than  about  10  to  15  if  of  the  distances  from 
the  antennas  to  the  aircraft.  For  systems  used  for  long-range  navigation,  such  as  OMECA,  this  Is  no  problem 
as  aircraft  navigation  is  based  on  pressure  altitude  and  not  on  the  geometric  altitude  which  the  system 
could  provide.  For  many  flight  test  applications,  specifically  take-off  and  landing  tests.  It  is  a  serious 
disadvantage.  For  the  MAPS  system  described  in  Section  4.4.3,  which  Is  specifically  designed  for  short- 
range  flight  test  applications,  a  complex  Kalman  filter  programme  based  on  InputB  from  both  pressure  end 
radio  altimeters  has  been  developed  to  Improve  the  height  accuracy  st  lower  altitudes. 

In  many  circular  systems  the  Doppler  shift  is  measured  in  addition  to  the  distance  in  order  to  obtain 
accurate  values  for  the  velocity  component  along  the  line  of  position. 


4,2.2  Methods  also  uslnR  direction  measurement 

Besides  the  radio  methods  based  on  the  measurement  of  the  distance  of  the  aircraft  from  several 
points  on  the  earth  described  above,  trajectory  measurements  using  radio  or  radar  can  also  be  based  wholly 
or  in  part  on  the  measurement  of  direction.  The  following  measuring  principles  are  of  interest: 

-  The  antenna  can  be  rotated  about  1  or  2  axes.  In  a  search  fase  It  is  turned  by  external  means  (by  hand 
or  by  a  preprogrammed  search  movement)  until  it  points  in  the  direction  from  which  the  strongest  signal 
Is  received.  This  principle  is  uoed  in  lock-follow  radars  (Section  5.4.3),  where  the  antenna  can  rotate 
about  two  axes,  one  vertical  and  the  other  horizontal.  Once  the  target  has  been  found,  the  system  can  be 
locked  on  that  target  and  gives  Its  azimuth  and  elevation  continuously.  The  same  principle,  but  now  with 
an  antenna  with  one  degree  of  freedom  on  board  the  aircraft,  is  used  in  the  ADF  (Aircraft  Direction 
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Finding)  navigation  byutem,  where  the  aslmuth  ol  NDBs  (Non-Dlrectlonal  Beacon:;)  with  reaped  to  the 
longitudinal  axis  of  the  aircraft  la  displayed  In  the  cockpit.  In  modern  ADF  syjtnms  the  antenna  le  not 
actually  turned,  but  the  slgnala  froa  two  mutually  perpendicular  antennaa  direct  the  pointer  of  an  Indi¬ 
cator. 

-  The  antenna  rotates  at  a  constant  apeed  about  a  /art leal  axis.  The  antenna  beam  is  shaped  as  a  thin  ver¬ 
tical  sheet  and  only  azimuth  Is  measured  by  establishing  the  antenna  angle  at  which  a  strong  signal  Is 
recslvad,  with  respect  to  a  reference  direction  (often  the  North  direction),  'this  principle  Is  used  In 
the  surveillance  radars  described  In  Section  4.5.2. 

-  A  somewhat  similar  method  Is  used  In  the  VOR  (VHF  Omni  Range),  only  there  the  Information  from  the 
signals  generated  on  the  ground  is  measured  In  the  aircraft.  The  ground  beacon  transmits  a  cardiold  pat¬ 
tern  which  rotates  at  30  rps  (generating  a  30  Hz  aine  wava  in  the  aircraft  receiver)  and  an  omni-direc¬ 
tional  30  Hr  signal  which  has  a  known  phase  angle  when  the  rotating  pattern  points  In  the  (magnetic) 
North  direction,  both  modulated  on  the  same  carrier  frequency.  The  phase  angle  between  the  two  30  Hs 
sine  waves  Is  measured  on  board  the  aircraft  and  provides  the  direction  in  which  the  aircraft  Is  seen 
from  the  ground  beacon.  In  the  direction  part  of  TACAN  a  similar  method  Is  used  at  a  higher  frequency. 

In  most  applications  (e.g.  In  radars  and  In  the  VOR/DME  measurements  that  are  generally  used  In  air¬ 
craft  navigation)  the  direction  measurement  Is  combined  with  a  distance  measurement  froa  the  same  location 
to  provide  a  position  measurement.  In  principle,  methods  using  several  direction  measurements  froa  differ¬ 
ent  locations  can  also  be  used  (e.g.  2  VORs) ,  but  those  methods  ere  seldom  used. 


4.2.3  Principles  of  technical  deslg 


A  discussion  of  the  technical  dealgn  of  these  electronic  measuring  systems  is  beyond  the  scope  of  this 
AGARDograph.  The  reader  is  referred  to  handbooks  such  as  Refs.  36  to  40.  In  this  section  only  a  few  of  the 
main  design  considerations  vill  be  briefly  mentioned: 

-  The  Importance  of  the  frequency  has  already  been  mentioned  In  Section  4.1.  A  world-wide  naviga¬ 
tion  system  based  on  only  a  few  ground  stations,  such  as  OMEGA,  uses  vary  low  frequencies  to 
benefit  from  the  propagation  property  that  these  waves  follow  the  curvature  of  the  earth.  On  the 
other  hand,  radars  use  vary  high  frequencies  at  which  Ionospheric  reflections  are  negllgaabla. 

In  order  to  reduce  interference  between  different  types  of  applications  of  electromagnetic  wavea, 
special  frequency  bands  have  bean  allocated  by  international  agreement  for  each  application. 

-  In  most  cases  the  basic  or  carrier  frequency  is  nodulated  by  signals  of  lower  fraquencles.  Many 
modulation  techniques  ere  used,  the  most  cossson  are  amplitude  modulation,  pulse  modulation  and 
frequency  modulation.  Such  modulations  hardly  affect  the  propagation  characteristics  of  the 
signal  and  can  In  many  ways  Increase  the  Information  content  of  the  signal.  Important  applica¬ 
tions  of  modulation  techniques  are  the  possibility  to  transmit  additional  Information  (the  Iden¬ 
tification  of  the  transmitter  or  transponder  or  the  Inclusion  of  more  complex  messages  such  ss 
In  surveillance  radars  with  Mode  C  or  Mode  S)  and  the  elimination  of  ambiguity  In  distance 
measurements , 

-  Techniques  are  used  to  eliminate  spurious  signals  such  as  reflections  and  Interference  from  other 
sources.  A  very  effective  technique  is  the  tracking  technique.  The  receiver  calculates,  on  the 
basis  of  earlier  returns,  when  the  next  pulse  can  be  expected  to  appear.  The  receiver  Is  only 
sensitive  to  returns  during  a  very  small  time  "window"  around  the  expected  time  end  will  reject 
all  other  Incoming  signals.  Radars  have  "moving  target  Indication"  (MTI)  which  only  aeqapts 
signals  from  targets  that  move  with  a  velocity  higher  than  a  certain  minimum,  thereby  rejecting 
all  reflections  from  stationary  objects  on  the  ground. 


4.3  Generally  available  radio  and  radar  trajectory  mnaurlng  methods 


As  stated  previously,  a  number  of  radio  and  radar  methods  of  trajectory  measurement  are  available  in 
large  parts  of  the  world  and  can  be  used  at  low  cost  If  they  are  available  and  sufficiently  accurate.  They 
are  in  dally  use  for  aircraft  navigation,  air  traffic  control  and  military  applications.  They  are,  in 
general,  not  very  accurate  as  they  have  been  designed  for  day-to-day  use  to  specifications  which  stress 
reliability  and  low  cost.  For  most  of  the  civil  equipment  ICAO  has  laid  down  the  specifications  In  Ref.  41. 
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More  detailed  deecriptlons  of  many  of  the  systems  can  be  found  In  Refe.  36!  37  and  38.  It  should  be  stressed 
here  that  many  of  those  systems  are.  In  general,  considerably  more  accurate  than  Is  required  by  the  speci¬ 
fications  when  used  with  high-quality  measuring  equipment.  An  example  le  the  multlple-DME  system  described 
In  Section  4.4.2. 

These  systems  will  be  briefly  reviewed  hare,  with  the  emphasis  on  availability  and  achievable  accu¬ 
racy.  They  can  be  divided  into  the  following  general  categories: 

-  long-range  navigation  systems  (OMEGA,  LORAN  C) 

-  medium-range  navigation  systems  (VOR,  DME,  TACAN,  Decca) 

-  landing  aids  (ILS,  MLS) 

-  surveillance  radars 

-  lock-follow  radars  * 

-  satellite  navigation  systems  (NAVSTAR  GPS) 

LORAN  C  Is  a  hyperbolic  system  with  e  range  of  about  1300  km.  It  Is  available  along  the  Atlantic  end 
Pacific  coasts  of  the  USA  and  in  a  few  other  areas  In  the  North-West  of  the  Atlantic  and  In  the  Pacific 
and  Is  mainly  used  for  coastal  shipping.  Its  accuracy  of  the  order  of  100  m  to  2  km,  depending  on  the  posi¬ 
tion  of  the  aircraft  relative  to  the  ground  antennas,  LORAN  A,  which  was  specially  designed  for  navigation 
of  aircraft  over  large  oceanic  areas  in  the  1940s,  has  bean  discontinued  In  1978  and  Its  function  has  been 
taken  over  by  OMEGA.  LORAN  C  provides  no  height  Information. 

OMEGA  Is  a  VLF  hyperbolic  navigation  system  that  has  virtually  world-wide  coverage.  It  Is  based  on 
8  ground  stations  which  each  send  out  four  frequencies  In  the  range  between  10.2  and  13.6  kHz.  If  a  receiver 
is  tuned  to  3  or  more  stations,  frequencies  from  the  different  stations  can  be  chosen  for  optimal  signal 
quality  and  for  optimum  reduction  of  position  ambiguity;  in  many  receivers  this  frequency  selection  Is  auto¬ 
matic.  The  position  accuracy  Is  a  few  km  under  good  reception  conditions,  but  errors  up  to  10  km  can  occur 
under  adverse  ionospheric  or  sun-spot  conditions.  No  height  information  la  supplied. 

VOR  (VHF  Omnidirectional  Range)  and  DME  (Distance  Measuring  Equipment)  are  tha  most  common  navigation 
aids  In  continental  areas.  VOR  provides  on-board  Information  about  the  radial  to  the  ground  beacon.  Its 
specification  requires  that  the  error  is  less  than  3  degrees,  but  the  accuracy  Is  often  much  better, 
especially  for  Doppler  VOR  (DVOR)  beacons.  DME  provides  on-board  Information  on  tha  distance  to  the 
beacon,  which  is  usually  co-located  with  a  VOR  beacon.  Its  specified  accuracy  Is  0.5  NM  of  3  X  of  tha 
distance  measured  (whichever  Is  graater)  but  Its  actual  accuracy  with  good  on-board  equipment  generally  le 
of  che  order  of  200  metres. 

TACAN  (TACtical  Air  Navigation)  is  a  military  system  which  le  similar  to  a  combination  of  VOR  and  DME. 
The  "DME  part"  is  compatible  with  civil  DME,  the  "VOR  part"  usee  e  higher  frequency  then  civil  VOR. 

Decca  Is  a  medium-range  hyperbolic  system  with  an  accuracy  of  about  200  metres.  It  Is  only  available  In 
parts  of  Western  Europe. 

ILS  (Instrumented  Landing  System)  defines  an  optimal  lending  trajectory  by  the  Intersection  of  two 
radio-defined  flat  planeB:  one  vertical  (localizer)  and  one  at  about  3  degrees  to  the  earth's  surface  (glide 
path).  The  accuracy  with  which  the  line  Is  defined  la  high,  but  the  accuracy  with  which  deviations  from 
that  line  are  given  is  very  low.  It  Is,  therefore,  not  very  useful  for  position  measurement.  MLS  (Micro- 
wave  Landing  System),  which  is  destined  to  replace  ILS  during  the  next  two  decades,  will  be  much  su>re  use¬ 
ful  In  that  respect.  It  is  designed  to  a  specification  which  requires  an  accuracy  of  0.1  degree  In  azimuth 
and  0.01  degree  In  elevation,  and  a  distance  accuracy  of  about  1  X  of  the  measured  distance,  ell  measured 
with  respect  to  the  antenna  system  on  the  ground  near  the  runway  threshold. 

No  satellite  navigation  systems  are  at  present  in  operational  use  for  normal  navigation  or  flight 
testing.  That  Is  likely  to  change  when  the  NAVSTAR  GFS  system,  for  which  a  few  satellites  are  already  In 
orbit  and  which  1b  expected  to  be  fully  operational  by  1989,  becomes  available.  In  Section  4.4.5  below  this 
system  Is  briefly  described. 

Two  types  of  radar  are  generally  available:  surveillance  radars  used  for  (civil)  air  traffic  control 
and  lock-follow  radars,  mostly  used  for  military  purposes.  They  are  described  in  some  detail  in  Section  4.5. 
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The  systems  mentioned  In  Section  4.3  have  been  designed  es  olds  for  the  normal  navigation  of  aircraft. 
They  will  In  many  cases  not  be  accurate  enough  for  the  types  of  testing  dlacuesed  in  this  AGARDograph.  But 
a  few  systems  have  been  developed  especially  for  flight  testing  which  use  the  same  technical  principles 
and  have  a  substantially  higher  accuracy.  The  multi-DME  systems  (Section  4.4.2)  use  the  operational  DME 
ground  system  and  commercially  available  high-quality  receivers,  but  provide  hlgh-accuracy  position 
Information  by  using  several  DME  Inputs  and  computer  processing.  Section  4.4,3  describes  a  system  that 
provides  a  very  high  accuracy  af  much  shorter  range  and  is  used  for  flight  teat  purposes  In  the  USA.  In 
Se  .tion  4.4.4  the  use  of  radio  altimeters  for  measuring  the  height  of  an  aircraft  over  runways  during 
take-off  and  landing  tests  Is  described,  whereby  accuracies  are  attained  which  are  much  higher  than  those 
claimed  by  the  manufacturers.  In  Section  4.4.5  tome  Information  Is  given  about  the  expected  use  of  the 
NAVSTAR  GPS  system  for  flight  test  purposes. 


4.4.2  Multl-DME  systems 

The  traditional  navigation  in  continental  araaa  is  based  on  the  uae  of  VOR  combined  with  DME.  In  that 
combination  the  DME  is  considerably  more  accurate  than  the  VOR,  Poaitlon  measurements  based  on  two  (or  more) 
DME  measurements  are,  therefore,  more  accurate  than  those  based  on  DME  and  VOR.  Many  Inertial  Navigation 
Systems  (INS)  used  as  a  primary  navigation  aid  in  modern  aircraft  have  an  update  system  for  the  INS  which 
continuously  uses  two  DME  Inputs.  In  the  INS  computer  memory  a  list  of  DME  position  co-ordinates  and  fre¬ 
quencies  is  stored  end  the  computer  selects  the  two  DME  stations  that  are  most  favourably  located  and  uses 
those  for  updating.  A  few  low-cost  navigation  systems  use  the  same  method  of  position  measurement  but  with¬ 
out  the  INS. 

Analysis  has  shown  that  a  large  part  of  the  DME  errors  ia  due  to  errors  in  the  published  co-ordinatas 
of  DME  (and  especially  TACAN)  beacons  and  to  (naaonably  constant)  delays  in  the  ground  transponders 
(Refs,  42,  43).  These  systematic  errors  can  be  detected  from  an  analysis  of  measurements  during  which  more 
than  two  DMEs  are  used  and  corrected  during  the  final  analysis.  The  first  system  in  which  this  was  applied 
Is  the  French  SAVVAN  system  for  the  calibration  6f  VORs  (described  in  Ref,  44).  The  NLR  has  developed  a 
similar  system.  It  uses  an  INS  and  up  to  3Z  DME  lnpute,  which  are  scanned  successively  at  2-cacond  inter¬ 
vals.  During  the  final  analysis  the  uystematlc  errors  of  the  DME  stations  are  detected  by  statistical 
methods  and  corrected,  and  the  trajectory  is  calculated.  Ref,  43  describes  the  results  of  tests  with  that 
system.  The  report  concludes  that,  depending  on  the  number  of  DMEs  that  are  received  (l.e,  altitude),  the 
positions  of  the  aircraft  can  he  measured  with  accuracies  of  20  to  30  metres. 


4,4,3  Microwave  Airplane  Position  System  (MAPS) 

An  example  of  a  very  accurate  short-range  (10  km)  radio  position  measuring  system  is  the  MAPS  system 
developed  at  the  request  of  Boeing  (Refs.  45  and  46).  The  system  can  handle  up  to  19  ground  transponders, 
The  on-board  equipment  includes  an  airborne  computer  which  provides  real-time  data.  The  data  are  also  re¬ 
corded  on  board  for  final  data  processing  in  a  ground  computer. 

Each  battery-powered  transponder  only  replies  after  having  received  its  unique  identification  code. 
The  transponder  retransmits  the  signal  received  from  the  aircraft  with  a  shift  in  the  carrier  frequency. 
Power  consumption  of  the  ground  transponders  is  low  so  that  they  can  be  left  unattended  for  several  days. 

The  on-board  transmitter/receiver  can  sample  40  transponders  per  second.  Its  signal  first  gives  the 
identification  code  of  the  transponder  to  be  interrogated  and  then  the  measuring  signal  which  consists  of 
4  harmonically  related  frequencies  modulated  on  one  carrier  frequency.  From  each  transponder  return  the 
slant  range  Is  calculated  from  the  phase  shifts  of  the  signal  frequencies  and  the  range  rate  from  the 
Doppler  shift  in  the  carrier  frequency.  When  the  responses  of  all  transponders  have  been  received,  the 
computer  calculates  the  aircraft  position,  velocity  and  direction  of  motion.  The  computer  contains  a 
Kalman  filter  which  takes  Into  account  the  time  differences  between  the  successive  replies,  the  positions 
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of  the  transponders  relative  Co  the  flight  path  and  atmospheric  refraction.  The  software  has  four  modes  of 

operation; 

1.  The  lull  l;il izntlon  mode,  which  includes  startup,  loading  the  data  base  into  the  computer  memory  from  a 
floppy  disk  and,  if  necessary,  inserting  changes  to  the  data  base, 

2.  Thu  pruflight  mode,  which  allows  ground  testing  before  the  flight, 

3.  The  flight  operation  mode,  in  which  the  Kalman  filter  supplies  3  components  of  the  position  and  velocity 
vectors  every  25  milliseconds.  The  automatic  initialization  of  the  Kalman  filter  can  start  at  any  moment 
and  ensures  full  accuracy  within  a  few  secondB, 

4.  The  ground  tracking  mode,  for  measurements  at  low  elevations,  at  which  the  height  information  supplied 
by  the  system  is  Inaccurate.  'In  the  original  daslgn  this  mode  was  intended  for  tracking  vehicles  on  the 
ground.  Height  and  vertical  velocity  wore  than  assumed  to  be  zero,  and  only  X,  Y  and  tha  horizontal 
velocity  components  were  calculated.  In  a  later  extension  (Ref.  46)  the  Kalman  filter  was  axtsndad  to 
use  pressure  altitude  and/or  radio  altitude  as  additional  Inputs.  This  extension  takas  over  from  tha 
flight  operation  mode  when  the  aircraft  height  la  Isas  than  50  metres. 

The  HAPS  system  was  originally  designed  mainly  for  use  in  noise  measurements  at  heights  above  50  metres. 

In  that  region  the  accuracy  has  been  shown  to  have  standard  deviations  of  less  than  0.3  metres  in  X,  Y 
and  Z,  and  standard  deviations  uf  less  than  0.5  m/s  in  the  velocity  components.  At  heights  of  less  than 
50  metres  the  accuracy  of  tha  height  measurement  decreases  sharply.  In  tha  extended  MAPS  aystsm  the  height 
information  is  so  much  improved  (somewhat  depending  on  the  shape  of  the  trajectory)  that  the  system  can  now 
also  be  used  for  autoland  tests. 


4.4.4  Radio  altimeters 

Radio  altimeters  play  an  important  part  in  modern  autoland  systems  and  in  many  flight  test  trajactory 
systems  such  as  MAPS  (Section  4.4.3)  and  STALINS  (Section  5,3.2),  Many  of  tha  modern  radio  altimeters  are 
manufactured  to  the  ARINC  707  specification,  which  requires  a  rangs  of  0  to  500  or  1000  faat,  an  accuracy 
of  0.3  metres  or  2  X  of  the  measured  height  (whichever  is  greater),  a  sensitivity  of  2.5  cm  and  a  time  con¬ 
stant  of  leas  than  0.1  second.  The  frequencies  at  which  the  ARINC  707  radio  altimeters  oparats  are  In  tha 
4.2  to  4.4  GHz  band,  some  mainly  military  radio  altimeters  operate  at  higher  frequenclee. 

The  principle  of  a  radio  altimeter  is  that  a  radio  signal  is  sent  out  by  the  aircraft  and  that  the 
earth  reflection  of  that  signal,  as  received  in  the  aircraft,  is  compared  with  the  transmitted  signal.  The 
result  of  the  measurement  is,  in  principle,  only  determined  by  the  shortast  distance  to  tha  reflecting 
surface.  When  a  radio  altimeter  is  used  to  measure  height  above  the  earth,  tha  following  errors  may  occur; 

-  If  a  steep  incline  is  present  near  ths  course  of  the  aircraft  the  instrument  may  indicate  the 
slant  rangs  to  that  surface. 

-  The  measured  value  may  vary  with  tha  type  of  surface  from  which  the  signal  is  reflected.  Measure¬ 
ments  at  the  same  true  height  over  qulat  water,  grass  or  concrete  nuy  differ  by  a  matre  or  srara, 

-  In  theory  the  radio  altimeter  should,  at  not  too  large  angles  of  pitch  and  roll,  be  Independent 

of  these  angles.  In  practice  this  is  not  completely  true.  Evsn  when  flying  over  a  flat  surface, 

ths  effect  of  an  angle  of  pitch  or  roll  of  15  degrees  may  cause  an  error  of  up  to  3  X  in  tha 
measured  height.  If  very  precise  measurements  must  be  made  at  high  attitude  angles,  it  may  bs 
useful  to  mount  the  antenna  in  such  a  vay  in  ths  aircraft  that  it  looks  down  vertically  in  tha 
middle  of  the  range  of  angles  that  is  of  interest. 

-  A  time  constant  of  0.1  seconds  can  still  causa  appreciable  errors  when  ths  aircraft  is  climbing 

or  descending.  At  a  climb  spsed  of  10  m/s,  which  esn  well  occur  during  take-off  measurements, 
the  error  would  be  1  metre.  When  this  offset  is  Important,  it  can  bs  corrected  during  data  pro¬ 
cessing. 

If  due  account  of  all  these  error  sources  is  taken,  the  errors  of  radio  altimeters  can  bs  reduced  far 
below  the  accuracy  specified  in  the  manufacturer's  specification.  In  Ref.  47  it  is  shown  that  the  differ¬ 
ence  between  the  height  calculated  by  the  STALINS  system  (Section  5.3.2)  differed  from  ths  radio  altitude 
measured  over  a  runway  by  lass  than  about  25  cm  at  100  metres  height  if  ell  corrections  wars  applied.  Al¬ 
though  both  measurements  may  have  had  systematic  arrors,  it  saams  unlikely  that  they  would,  by  chance,  have 
been  that  accurately  equal. 
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4.4.5  NAVSTAR  OPS 

Around  1989  the  NAVSTAR  Global  Poeltlonlng  System,  that  will  provide  around  the  world  accurate 
poaltlon  and  velocity  Information  (Ref.  48),  will  ba  operational .  The  ayatem  will  conalat  of  18  aatallltaa 
(4-  3  operational  aparea)  In  12-hour  orblta  and  a  ground  control  ayataa  conalatlng  of  a  master  control 
atatlon,  fiva  monitor  stations  and  4  ground  antennas.  Tha  ratal. Utea  are  equipped  with  vary  accurate 
atomic  clocks.  Tha  master  control  station  continuously  checks,  "a  tha  basis  of  Information  from  the 
monitor  stations,  the  deviations  of  tha  satellites  from  their  nominal  orbit  and  the  deviation  of  the 
atomic  clock  in  each  satellite  from  tha  maater  clock  on  tha  ground.  That  Information  la  transmitted  to 
the  aatallltaa  evary  8  hours  as  (dlgltal  massages  that  are  Incorporated  In  the  signals  transmitted  by  the 
satellites. 

Each  satellite  transmits  two  signals,  LI  at  1575.42  KHs  and  t,2  at  1227.6  MHs.  Superimposed  on  each 
carrier  Is  a  coded  massage  unique  to  each  satellite  and  controlled  by  Its  atonic  clock.  The  codas  are  of 
two  types:  tha  C/A  cods,  which  can  ba  easily  acquired  but  gives  relatively  low-accuracy  poaltlon  Informa¬ 
tion  and  the  above-mentioned' message,  and  the  P  code,  which  can  only  be  acquired  If  tha  C/A  mode  Is  received 
and  gives  hlgh-accuracy  position  Information.  Tha  C/A  code  Is  only  transmitted  on  LI,  tha  P  code  on  both 
frequencies.  When  the  system  will  ba  operational,  a  special  signal  (Y  coda)  will  ba  superimposed  on  the 
P  coda,  which  will  make  it  accessible  only  to  (military)  authorised  uaara.  Tha  C/A  code  will  ba  accessible 
to  everyone  who  has  a  suitable  receiver. 

The  principle  of  NAVSTAR  Is  as  follows:  a  GPS  receiver  on  the  ground  or  In  sn  aircraft  compares  the 

cuds  received  from  a  satellite  with  Its  own  clock  (which  Is  of  lass  than  atomic  quality)  and  can  then  calcu¬ 
late  Its  apparent  distance  from  tha  satellite,  taking  Into  account  tha  information  contained  In  the  message. 

This  distance  Is  called  tha  "pseudo  range"  becausa  It  mill  contains  errors  due  to  the  Inaccuracy  of  the 

clock  In  the  receiver.  Using  the  paaudo  ranges  from  four  eatellltaa,  the  computer  in  tha  receiver  can 
calculate  lta  poaltlon  In  an  sarth-cantered  co-ordinate  system  and  tha  error  of  Its  own  clock  using  tha 
following  aquations: 

Rt  -  (Xt-X)*  +  (Yj-Y)2  +  (2^2)*  +  C.  tA  +  C  .  t#  (4.1) 

where : 

R^  *  the  measured  pseudo  range  to  the  1-th  satellite 

X1’Y1,Z1  "  tha  coordlnlt:**  the  i-th  satellite  In  an  earth-cantered  coordinate  aystsm 

X,  Y,  2  «  tha  (unknown)  coordlu-t.-.s  of  tha  receiver  In  tha  same  coordinate  system 

t.  -  tha  propagation  delay  of  the  signal  due  to  Ionospheric  effects 
*1 

tu  -  the  (unknown)  clock  off-set  of  the  receiver  clock  from  tha  reference  GPS  time 

C  -  spaed  of  light 

The  time  delays  due  to  Ionospheric  effacts  ccn  be  calculated  If  the  P  coda  Is  used.  If  only  tha  C/A 
coda  Is  available,  an  approximate  correction  can  ba  calculated  by  using  a  mathematical  model  of  lonoapherlc 
effects  or  by  using  the  differential  method  mentioned  below. 

For  this  differential  method  a  ground  station  must  ba  within  radio  range  of  tha  aircraft,  to  which 
tha  NAVSTAR  Information  received  In  tha  aircraft  Is  retransmitted  by  radio.  Tha  atatlon  also  directly  re¬ 
ceives  the  signals  from  tha  sans  satellites.  From  these  latter  signals  It  can  calculate  the  position  errors 
(mainly  due  to  Ionospheric  affects)  In  Its  own  position  by  comparing  them  with  Its  known  position., .As  the 
aircraft  will  be  relatively  close  to  the  ground  station,  the  earns  or  slightly  adapted  corrections  can  ba 
applied  to  the  aircraft  data  received  by  radio.  This  method  has  the  additional  advantage  that  the  aircraft 
positions  are  accurately  known  on  the  ground,  where  they  can  be  used  for  flight  safety  measures. 

At  present  experimv.ital  ground  stations  are  available  and  five  experimental  aatsllltes  are  In  orbit. 

By  1989  tha  system  should  be  fully  operational.  User  equipment  with  different  degrees  of  sophistication  Is 
now  under  development  for  "authorised"  and  for  "non-authorlxed"  users.  It  Is  expected  that,  when  tha 
system  Is  completely  operational,  95  2  of  the  calculated  horlaontal  positions  will  be  within  18  aetras  and 
of  tha  heights  within  32  metres  with  receivers  using  the  P  code.  For  receivers  only  using  the  C/A  code 
these  numbers  will  ba  100  metres  and  174  aetras.  Differential  measurements  are  expected  to  Improve  these 
numbers  appreciably,  but  no  quantitative  Information  is  available  yet.  Further  Improvement  of  the  accuracy 
will  be  possible  In  all  cases  If  the  successive  position  and  velocity  data  are  smoothed. 

A  review  of  possible  applications  In  flight  testing  Is  given  In  Ref.  49. 


’i'r&iS.yj1'. 


9 


4.5  Radars 


H(  PRODUCED  AT  GOVERNMENT  EXPENSE 


41 


'1 


4.5.1  Ceneral  principles 

In  this  bee cion  only  grmmd-baaed  radar ■  are  considered,  On-board  radara  with  terrain-following  eoft- 
wara  art  uaad  for  trajectory  measurements  In  Military  applications,  but  theaa  nathods  are  claaalflad  and 
ara  not  uaad  for  flight  taat  purpouea. 

Tha  measuring  principled  uaad  In  radars  hava  baan  briefly  Mentioned  In  Saotlone  4.2.1  and  4.2.2. 

Two  types  of  radar  ara  uaad  for  trajectory  Measureaents: 

-  Surveillance  radara.  which,  are  In  ganaral  uaa  for  Military  and  civil  air  traffic  purpoeea.  Tha  antenna 
rotates  with  a  constant  angular*  apaad  (usually  6  rpa)  about  a  vertical  axis.  As  tha  height  Intonation 
that  can  ba  obtained  fton  a  radar  la  not  of  lntaraat  for  air  traffic  control  (pressure  altitude  la  used 
In  aircraft  navigation),  tha  antanna  pattern  la  a  vertical  shaat  (elevation  frow  about  0  to  43  degrees) 
with  a  thickness  of  about  1  degree.  These  radars  provide  slant  range  and  aslnuth.  Whan  used  for  trajec¬ 
tory  measurements,  these  data  Must  ba  suppleMtnted  by  height  data  fron  another  source,  e.g.  a  radio 
altlMatar  or  a  pressure  alt las ter.  Tha  Main  charactarlatica  of  surveillance  radars  ara  discussed  In 
Section  4.5.2. 

-  Lock-follow  radara  transmit  a  pencil  bean  with  a  width  of  about  1  degrao.  A  target  Must  ba  found  by 
Moving  the  antenna  In  a  search  soda  until  tha  target  is  detected.  Then  It  Is  switched  to  the  lock-follow 
mode,  in  which  It  automatically  keeps  the  beam  directed  towards  the  target.  The  radar  provides  slant 
range,  ailauth  and  alavatlon  of  tha  target.  Lock-follow  radars  ara  mainly  designed  for  Military  purpoaae. 
Their  aaln  characteristics  are  discussed  In  Section  4,5.3, 

Before  going  Into  tha  descriptions  It  seens  useful  to  define  a  few  notions  that  are  common  to  all 
radara.  That  la  dona  In  the  remaining  paragraphs  of  this  section. 

Primary  radara  transmit  pulse  or  sinusoidally  nodulated  signals  In  a  narrow  bean.  The  receiver,  that 
Is  colocated  with  the  transmitter  and  uses  the  sane  antenna,  detects  any  part  of  that  signal  which  la  re¬ 
flected  back.  Tha  direction  from  which  the  strongest  reflected  signal  Is  obtained  is  tha  direction  to  the 
target.  The  distance  Is  calculated  from  the  tine  difference  between  the  transnlttlon  of  the  pulse  and  tha 
recaption  of  tha  reflection  of  tha  asaa  pulae  or,  In  the  case  of  a  continuous-wave  slnuaoldal  signal,  from 
the  phase  angle  of  the  transmitted  and  racalvad  waves. 

The  reflected  signal  racalvad  by  a  primary  radar  la  weak,  especially  If  tha  aircraft  Is  far  away.  In 
secondary  radar  systems  a  transponder  Is  available  on  tha  aircraft;  whan  the  transponder  receives  a  signal 
transmitted  by  a  radar,  l.e.  whan  a  transmitter  beaa  touches  Its  antenna,  It  retransmits  that  signal  at  a 
different  frequency  and  with  a  known  tine  daisy.  The  signals  received  back  by  the  radar  arc  then  much 
stronger. 

Primary  radars,  especially  at  low  elevation  angles,  receive  reflections  fron  all  kinds  of  stationary 
objects.  To  distinguish  the  reflection  of  an  aircraft  In  this  clutter.  Moving  Target  Indicator  (MTI)  tech¬ 
niques  have  bean  developed  (see  e.g.  kef.  39  for  the  details).  Thsse  techniques  conpare  tha  reflections  with 
those  measured  during  previous  revolutions  of  the  radar  and  reject  all  those  that  hava  not  changed  position. 
This  technique  Is  vary  powerful,  but  can  give  probltas  In  casaa  where,  for  Instance,  the  trajectory  of  a 
stationary  or  nearly  stationary  helicopter  must  bo  Measured. 


4,5.2  Surveillance  radars 

Surveillance  radars  rotate  about  a  vertical  axis  and  only  provide  aslnuth  and  slant  ranga  lnforaatlon. 
Their  range  usually  la  of  the  order  of  90  km  (terminal-area  radars)  or  350  to  400  ka  (radars  for  sn-routs 
surveillance).  They  usually  combine  a  prinary  and  a  secondary  radar  on  a  single  shaft.  Transponders  for 
the  secondary  radar  nuat  be  on  board  of  all  aircraft  that  want  to  fly  In  busy  terMlnal  arses,  or  above 
12000  fast  (about  4000  n)  In  areas  where  radar  air  traffic  control  is  conducted.  Until  recently  all  trans¬ 
ponders  that  were  touched  by  the  radar  beaa  lamediataly  replied;  if  two  aircraft  were  close  together,  the 
replies  could  overlap  and  become  unlntelllgaable  to  tha  radar  proesasor.  In  radars  now  coming  Into  use 
(Mode  S)  this  is  alinlnated  because  the  radar  sands  out  a  discrete  address  to  which  only  tha  transponder 
with  that  address  responds.  In  tha  return  signals  fron  the  transponders  nsssagas  can  be  Incorporated.  In 
most  cases  only  an  Identification  number  and  the  pressure  altitude  of  tha  aircraft  ara  In  this  asssaga 
(Mode  C).  Messages  In  Mode  8  can  ba  More  complex. 
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The  data  from  moat  un  vulllance  radars  mo  pi ucouuud  in  digital  computers.  iliorc  tha  aucceaaiva  posi¬ 
tions  of  tha  same  aircraft  are  correlated  and  pans  through  a  aiaple  filter  (pli .  filter).  It  la  uaually 
relatively  easy  to  extract  these  track  data  fiura  the  .umputer.  This  technique  I..1.1  been  extensively  used 
In  studies  about  tha  truck  keeping  accuracy  of  aiicrult  in  flight  axecuted  undci  thu  aeglB  of  ICAO  (sea  a.g. 
kef.  JO  and  tha  references  mentioned  therein). 

Tha  accuracy  of  surveillance  radars  la  usually  in  tha  order  of  several  hu.. deeds  of  metros.  Studies 
have  shown  that  a  large  part  of  the  errors  la  duu  to  systematic  errors  in  thu  i.luut-ranga  measurement  and 
in  tha  North  reference  diructlon,  and  to  errors  made  by  tha  vary  rlmple  on-line  plot  filters  whan  tha  air¬ 
craft  changes  its  heading.  In  Raf.  SI  measurements  of  a  terminal  area  radar  me  reported.  It  la  ahown 
there  that  an  accuracy  of  hotter  than  100  metres  could  be  obtained  if  the  systematic  errors  ware  corrected 
and  tha  data  ware  passed  ihrougH  a  good  off-llnu  filter. 


4 .3.3  Lock-follow  radars 


bock-follow  radars  (often  also  called  pencil-beam  radars)  provide  aalmuthi  elevation  and  slant  range 
of  the  aircraft  relative  to  tha  radar.  Tha  circular  beam  has  -3  dB  at  1  degree  or  lasa  from  its  nominal 
direction.  Lock-follow  radars  consist  of  two  separate  systems,  often  with  different  antennas)  a  search 
system  and  a  tracking  system.  In  the  search  mode  the  radar  scans  a  relatively  large  part  of  the  sky.  When 
it  has  found  lta  target  it  awltchaa  to  the  tracking  mode,  in  which  servo  eystems  make  the  beam  follow  the 
target. 

The  systematic  errorn  mentioned  in  the  diecuusion  of  surveillance  radars  are  also  preaent  in  lock- 
follow  radars  but  can  be  mure  easily  corractad.  before  a  measurement  run  tha  radar  can  ba  pointed  to  several 
towers  or  transponders  on  tha  ground.  If  tha  geographical  positions  of  the  radar  and  the  towera  and  trans¬ 
ponders  are  accurately  known,  tha  systematic  errors  can  be  determined.  Accurate  corrections  can  than  ba 
applied  to  tha  axlmuth  and  alant  range.  Tha  calibration  of  the  elevation  angle  presents  more  difficulties) 
polnta  with  accurately  known  positions  at  high  elevation  anglaa  usually  ura  not  available.  Other  sources  of 
error  during  tha  measurement  are) 

-  Tha  effect  of  wind  on  tha  antenna,  which  may  ba  significant  in  strong  winds.  It  Is,  in  practice, 
impossible  to  correct  for  this  error. 

-  Atmoepharlc  refraction,  whicti  depends  on  tha  temperature  gradients  in  tha  atmosphere  and  on  Its 
water  content.  If  radio-sonde  data  are  available,  corrections  can  be  calculated  which,  at  tha 
short  rangaa  mainly  of  lntareat  hare,  are  reasonably  accurate. 

-  Ionospheric  reflections,  which  at  short  ranges  and  relatively  low  heights  are  uaually  negligible. 
At  longer  ranges  their  effect  may  ba  minimised  by  using  tha  "window"  technique)  tha  next  position 
of  tha  aircraft  is  predicted  on  the  baaia  of  previous  measured  positions  and  only  reflections 
which  are  raculvsd  during  a  small  window  around  tha  time  at  which  tha  reflection  from  that  pre¬ 
dicted  position  should  come  back  are  used  in  ths  calculation. 

Even  If  the  required  measuring  accuracy  is  so  high  that  a  radar  cannot  be  used  as  tha  prlsuiry  trajec¬ 
tory  measuring  instrument,  it  can  have  a  useful  function  in  combination  with  modern  precision  short- 
range  measuring  systems.  It  la  then  used  to  track  the  aircraft  vhlle  it  la  beyond  tha  measuring  range  of 
the  primary  measuring  device  and  can  aid  thut  device  in  locking  on  to  tha  aircraft  as  soon  as  it  comas 
within  its  range.  This  can  appreciably  extend  the  practical  range  of  the  short-range  system.  Examples  of 
such  radar  aiding  hava  been  mentioned  earlier  in  this  paper  for  laser  theodolites  (Section  3.S.2)  and  for 
tha  MAPS  system  (Section  4, A. 3).  ,» 

Most  lock-follow  radars  fall  in  one  of  two  classes)  ahort-ranga  radars  with  rangaa  of  20  to  40  km  and 
designed  for  directing  anti-aircraft  guns,  and  long-range  radars  primarily  designed  for  sarly  interception 
of  aircraft  and  missiles.  Both  can  be  used  for  measuring  ahort-ranga  trajectories.  An  example  from  each 
class  is  briefly  discussed  below. 

A  short-range  radar  that  has  bean  used  fur  short-range  trajectory  measurements  la  the  Flycatcher 
radar  (Ref.  $2).  It  was  primarily  designed  as  a  fire-control  radar  against  low-flying  aircraft  under  all 
weather  conditions.  The  system  is  easily  transportable  and  has  a  range  of  20  km.  In  the  search  mode  a 
separate  antenna  can  display  the  plan  positions  of  several  aircraft  on  a  scope.  The  aircraft  to  be  tracked 
can  be  selected  using  a  joystick  which  moves  a  symbol  on  the  scope.  The  tracking  mode  uses  two  frequen¬ 
cies,  9  MHz  and  34  MHz.  Both  frequencies  arc  transmitted  by  the  monopulse  technique  via  the  same  antenna, 
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umLi,,;  >H lU! rent  types  of  ruflectui  grid.  In  the  receivur  the  signal  with  the  beat  sigual-to-nolas  ratio  Is 
in- 1  oi- 1 «.'tl  l  or  further  processing,  with  a  preference  for  the  higher  frequency  which  provides  the  bast 

iu' curacy .  A  TV  camera  with  xoo a  ieni,  (30  to  300  am)  Is  mounted  on  the  antenna.  Digital  MTI  la  provided  In 

lli.'  computer,  which  can  detect  targets  flying  at  vary  luw  speeds  (helicopters)  up  tu  Mach  3.  The  errors  of 
the  radar  when  tracking  a  small  object  are  about  5  ■  In  alant  range  and  an  angular  urrur  of  about  0,3 
iuLlliradi<m  (1  slnuta  of  arc,  or  5  iu  at  a  range  of  20  kin).  As  only  primary  radar  iu  available,  the 
errors  may  be  larger  when  a  large  aircraft  la  tracked,  because  then  the  point  of  reflection  may  wander 
across  the  surface  of  the  aircraft. 

A  typical  long-range  radar  is  the  Bearn  used  by  the  CEV  In  France.  It  Is  a  puluu-type  secondary  radar 
with  a  peak  power  of  800  kW,  jn  which  the  carrier  frequency  can  ba  adjusted  between  5450  and  5825  MHs  In 
eider  to  obtain  optimal  performance  from  Individual  tranapondara.  The  beam  width  (-3  dB)  Is  0,9  degrees, 
the  pulse  frequency  Is  585  Hr  and  the  pulse  width  la  1.7  microseconds.  This  gives  the  radar  a  range  without 
ambiguity  from  1  to  254  km.  The  actual  range  is  much  farther  than  that,  but  then  there  Is  an  ambiguity  of 

multiples  of  256  km.  The  maximum  angular  speeds  of  the  radar  are  1  rad/s  in  elevation  and  0.5  rad/a  In  atl- 

muth.  The  maximum  angular  acceleration  is  2  rad/s1.  The  accuracy  Is  similar  to  that  of  tha  Flycatcher) 
standard  deviations  of  7  m  in  distance  and  0.3  mllllradian  In  the  angles. 
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, ,  A  liilOKY  MEASUREMENTS  US  I  NO  INERTIAL  8YSTEHS 

■ . i  i ui induction 

Tliu  term  "Inertial  Sanaing  Syatan"  (ISS)  la  us«d  hara  Cor  an  lnatruaant  incorporating  gyroacopaa  and 
,i.  i  oJuruiiiotero,  that  aaaaurae  aircraft  poaitlon  with  raapact  to  tha  aarth,  l.a.  which  includaa  Schuler 
u.uiiig.  Those  lnatruaanta  are  wldaly  uaad  in  Military  and  civil  aircraft  for  long-ranga  navigation. 

Thu  us*  of  lnartlal  aenalng  ayatama  for  the  aaaauraaant  of  ahort-ranga  trajactorlea  haa  appaalad  to 
tlight  tout  anglnaara  avar  ainca  thaaa  ayatnna  caaa  into  use  for  long-ranga  navigation.  Thaaa  in- 
atruaanta  produce  exactly  yhat  ia  required)  aircraft  poaltlona.  valocltlaa  and  accelarationa  in  horlaontal 
and  vertical  dlractlona  and  all*  thraa  attitude  anglaa.  For  tha  trajectory  maaauramanta  there  ia.  in  prin¬ 
ciple,  no  requirement  for  ground  paraonnal  becauaa  all  tha  equipment  ia  mountad  lmtlda  tha  aircraft.  For 
aircraft  where  an  lnartlal  ayatam  la  available  for  operational  uaa,  lta  application  for  trajectory  maaaura- 
aanta  during  taata  la  avan  nora  attractive. 

It  haa,  however,  taken  a  conalderable  effort  to  develop  flight  taat  method*  in  which  thaaa  advantagaa 
could  ba  uaad  aconoaleally  and  with  aufficlant  accuracy.  TV.«  beat  lnartlal  ayatama  that  are  commercially 
available  at  a  raaaonabla  coat  hava  bean  daalgnad  for  long-ranga  navigation,  and  are  of  tha  "2  MX  par  hour" 
drift  category  (if  no  external  updating  la  uaad).  Tha  valocltlaa  and  poaltlona  which  thaaa  ayatama  provide 
aa  direct  outputa  are  not  aufflclantly  aceurata  for  tha  type*  of  maaauramant  dlacuaaad  in  thla  AQAIDograph. 
Mora  accurate  ayatama  are  made,  but  they  are  extremely  axpanalva  and  their  availability  la  limited  by  mili¬ 
tary  reatrlctlone.  Kathode  hava  now  baan  davalopcd  by  which  tha  errora  of  lnartlal  ayatama  of  the  "2  MM  par 
hour"  category  can  ba  corrected  to  auch  a  degree  that  they  are  fully  applicable  for  ahort-ranga  trajectory 
maaauramant*.  Thaaa  mathoda  and  tha  applleationa  baaed  on  them  ara  the  aubjact  of  thla  chapter, 

Thera  ara,  in  principle,  two  typaa  of  lnartlal  aenalng  ayatama  that  can  ba  conaldarad  for  uaa  in  thaaa 
taatai  atabla  platform*  and  atrap-down  lnartlal  ayatama.  In  etable  platform*  tha  gyroa  and  accalaromatara 
ara  mountad  on  a  platform  which  la  maintained  horlaontal  by  tha  ayatem  ltaalf,  in  atrap-down  ayatama  they 
ara  mountad  to  tha  aircraft  conatructlon.  Although  the  general  operation  of  thaaa  two  ayatama,  and  thalr 
baalc  aquatlona,  ara  vary  almilar,  there  ara  a  few  practical  difference*) 

-  Of  tha  ayatama  that  ara  at  praaant  commercially  available,  tha  platforma  aaam  to  provide  allghtly 
more  accurate  valocltlaa  and  poaltlona.  That  may  be  partly  dua  to  tha  fact  that  tha  anvironawnt 
in  which  tha  gyroa  and  accalaromatara  muat  operate  la  more  aavara  in  a  atrap-down  ayatam,  bacauaa 
they  ara  aubjact  to  higher  angular  dlaplacamanta,  angular  valocltlaa  and  linear  and  angular 
accelarationa.  But  another  Important  reaaon  la  that  moat  of  tha  atrap-down  ayatama  hava  bean 
apaclfically  daalgnad  for  uaa  with  contlnuoua  DMX-DME  updating  (eo  that  aoma  drift  can  ba  tolera¬ 
ted),  whlla  moat  of  tha  praaant-day  platforma  hava  baan  daalgnad  for  uaa  during  long  parloda 
without  updating. 

-  Moat  commercial  platforma  hava  aynchro  outputa  for  pitch  and  roll  anglaa,  which  hava  an  accuracy 
of  about  0.1  degree.  Pitch  and  roll  rataa  muat  ba  calculated  by  differentiation  of  thoaa  outputa, 
which  ara  uaually  provided  at  relatively  low  frequanclaa  (order  of  6  aamplaa/aacond) ,  Moat  atrap- 
down  ayatama  uaa  rata  gyroa  for  tha  angular  maaauramanta.  The  accuracy  of  tha  pitch  and  roll 
maaauramanta,  and  aapaclally  of  tha  angular  rate*  from  atrap-down  ayatama  la,  therefore,  uaually 
conaldarably  higher  than  thoaa  from  platforma. 

-  Strap-down  ayataaa  ara  expected  to  become  conaldarably  laaa  coatly  than  platforma  of  almilar  per¬ 
formance  in  tha  future.  At  praaant  the  price  dlffarancaa  ara  email. 

In  moat  ahort-ranga  trajectory  maaauramant  application*  platform*  ara  uaad.  That  may  bo  partly  dua-  te  thair 
batter  poaitlon  accuracy,  but  it  muat  alao  ba  raallaad  that  moat  of  thaaa  mathoda  of  maaauramant  war*  deve¬ 
loped  at  a  time  whan  atrap-down  ayatama  war*  not  yat  available,  For  application*  whara  tha  accuracy  of  tha 
angular  and  angular  rat*  maaauramanta  la  critical,  a*  in  the  method  daacrlbad  in  Section  3,3,5,  atrap-down 
ayatam*  are  uaad. 

In  recant  year*  many  flight  taat  mathoda  have  baan  developed  in  which  trajectory  maaauramant*  ualng 
ISS  play  a  main  part,  A  number  of  the**  ara  briefly  daacrlbad  in  Section  3.3.  They  include  applleationa  in 
take-off  and  landing  performance  maaauramant  (Section*  5.3.1  and  5.3.2),  flight  taatlng  of  radio  naviga¬ 
tion  aid*  (Section*  5.3.3  and  5.3.4)  and  maaauramant  of  aircraft  performance  and  etabllity  in  non-atation- 
ary  flight  (Section  5.3.3). 
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Before  thuuu  applications  are  described,  Section  5.2  will  give  a  brief  review  of  the  essential  charac¬ 
teristics  of  inortlal  systems  for  those  tests  and  of  the  methods  of  "updating"  that  aru  uaad  to  exploit  these 
to  the  high  accuracies  thet  can  be  achieved. 


5.2  Principles 


5.2.1  188  error  characteristics 


It  is  not  the  purpose  of-  this  section  to  give  a  detailed  description  of  Inertial  sensing  systems.  There 
is  an  extensive  literature  on  that  subject,  fron  which  kef.  53  is  mentioned  here  because  it  treats  the  sub¬ 
ject  fro*  the  point  of  view  of  flight  testing.  This  section  will  concentrate  on  those  aspects  of  platform 
operation  and  platform  errors  that  are  of  primary  importance  for  the  methods  of  short-range  trajectory 
measurements  discussed  later  in  this  chapter. 

During  the  pre-flight  allgnsMnt  procedure  of  an  inertial  platform  the  accelerometers  are  accurately 
aligned  along  and  perpendicular  to  the  direction  of  the  local  vertical,  the  Horth  direction  is  determined 
by  the  platform  computer  from  the  affect  that  the  rotation  of  the  earth  has  on  this  process,  and  the  geo¬ 
graphic  position  of  the  aircraft  is  manually  antarad  into  the  computer.  At  the  end  of  the  alignment  period 
the  platform  outputs  will  be  correct  with  high  precision,  providing  accurate  starting  conditions  for  the 
measurements.  From  that  moment  the  platform  will,  in  principle,  remain  aligned  parallel  to  the  local 
horiiontal  at  every  point  of  its  trajectory  and  the  North  direction  will  be  available  in  the  platform 
computer, 

The  platform  outputs  used  for  trajectory  measurements  are  the  geographic  position,  the  horiiontal 
velocities  in  the  North  and  East  directions,  the  Integral  of  vertical  acceleration,  the  aircraft  pitch, 
roll  and  heading  angles  and,  if  available  aa  outputs,  the  accelerations  along  three  mutually  perpendicular 
axes  (one  of  which  the  local  vertical),  'l'haaa  outputs  will  with  time  develop  errors,  which  are  caussd  by 
the  accumulated  affects  of  drift  in  accelerometers  end  gyros,  errors  in  ths  out arid  position  co-ordinates 
of  the  point  where  the  platform  was  aligned,  rounding  errors  in  the  platform  computer,  errors  in  the  earth 
model  used,  etc.  The  error  equations  of  an  ISS  are  complex,  with  a  large  number  of  parameters  that  vary  in 
a  complex  way  during  flight  (see,  for  Instance,  Ref.  53).  In  general  terms,  however,  it  is  possible  to 
summarise  the  characteristics  that  are  of  primary  importance  for  short-range  trajectory  measurements  as 
follows i 

-  The  ISS  outpute  accurately  reproduce  smull  disturbances  in  ths  aircraft  trajectory.  The  dynamic 
response  of  the  system  is  high  enough  to  follow  all  motions  of  the  aircraft. 

-  Most  errors  vary  about  sinusoidally  with  time  with  a  period  of  about  84  minutes  (ths  Schuler 
period),  a  few  at  even  lower  frequencies.  This  means  that,  even  though  the  errors  themselves  nay 
be  large,  their  rate-of-changa  is  very  low. 

All  methods  for  the  measurement  of  short-range  trajectories  which  use  inertial  sensing  systems  are 
designed  to  exploit  these  characteristics  as  well  as  possible.  They  use  "updates"  fron  other  sources  to 
correct  the  errors  at  a  few  points  during  each  test  and  can  then  use  the  platform  outputs  with  vary  much 
simplified  error  equations.  For  tests  with  a  duration  of  the  order  of  1  minute  or  less,  it  may  even  be 
assumed  that  the  ISS  errors  remain  constant  for  the  duration  of  the  test  run.  Then  one  update  par  tast  run 
will  suffice.  For  tests  of  longer  duration  (but  still  short  with  respect  to  the  Schuler  period),  more  than 
one  update  per  test  run  is  used,  in  combination  with  simplified  end  llnearlred  error  equations  for  the 
ISS,  The  accuracy  of  the  trajectories  obtained  from  these  method  then  depends  on  the  short-term  actfflracy 
of  the  platform  outputs  and  the  accuracy  of  the  updates.  These  aspects  will  bo  discussed  in  some  detail  in 
the  next  two  sections. 


5.2.2  Short-term  accuracy  of  188  outputs 

As  stated  earlier,  most  of  the  methods  described  here  use  inertial  stable  platforms  of  the  "2  KM  par 
hour  drift"  category,  which  have  bean  daelgned  for  long-range  navigation  of  aircraft.  In  practice,  the 
overall  drift  ratee  of  these  platforms  will  be  somewhat  lower  than  ths  2  NM  par  hour  in  their  specification. 
The  drift  rate  can  often  be  lowered  somewhat  more  if  selected  accelerometers  and  gyros  ars  mounted  in  the 
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platform.  The  shutt -i.un  accuracy  and  atablllty  cl  the  platform  outputs  la  then  mainly  determined  by  the 
accuracies  of  the  acco Imometers  and  angular  measurements ,  and  by  tha  accuracy  of  the  calculations  In  the 
platform  computer. 

In  inertial  plan orma  of  that  category  very  uccurata  accelerometers  are  u..cd.  The  zero  offset  stays 
-4  -4 

within  about  5x10  iu/i.  and  tha  average  slope  of  the  calibration  curve  Is  correct  to  within  10  .  For  the 

test  durations  of  u  few  minutes  considered  hare,  thu  stability  will  often  be  better  (Ref.  47).  An  Impor¬ 
tant  characteristic  for  tests  in  which  the  platform  is  subject  to  heavy  vibrations  (such  as  for  Instance 
take-off  and  landing  tests)  Is  tha  linearity  of  the  acceleration  output.  Nonlinearity  will  cause  rectifica¬ 
tion  of  vibration  accelerations,  which  causes  an  offset  in  the  low-frequency  teoponue  of  the  accelerometer. 

The  Schuler  tuning  trips  to  keep  the  platform  aligned  perpendicular  to  thu  local  vertical.  In  practice 
the  platform  will  oocillatu  about  sinusoidally  about  this  position  with  an  amplitude  of  the  order  of 
0.005  degrees  with  thu  Schuler  period  of  84  minutes,  Due  to  this  extremely  smull  angle  the  effect  of  these 
oscillations  on  thu  vortical  acceleration  and  Its  Integrals  Is  negligible.  Thin  is  not  true  for  the  hori¬ 
zontal  channels.  Thu  importance  of  this  will  be  illustrated  by  an  axample.  If  the  amplitude  of  the  Schuler 
motion  of  the  platform  is  0,0035  degrees,  the  amplitude  of  the  error  In  the  horizontal  acceleration  ceused 
by  the  component  of  gravity  will  be  about  0.0006  m/s1,  In  the  horliontal  velocity  0.5  m/s  and  In  the  horlton- 
tal  position  about  400  m.  This  Is  due  to  the  long  duration  of  the  Schuler  purlod.  It  will,  therefore,  be 
clear  that  updating  Is  absolutely  essential,  even  if  no  extreme  accuracies  ara  required. 

The  accuracy  of  thu  pitch  and  roll  outputs  of  the  platform  ara,  in  principle,  only  limited  by  the 
(very  small)  uncertainty  on  the  horisontality  of  tha  platform  (ordsr  of  0.005  degrees).  In  commercially 
available  platforms  thu  accuracy  Is  Halted  by  the  face  that  tha  platform  angles  are  usually  measured  by 
synchros  or  resolvers  with  an  accuracy  of  about  0.1  degree.  In  the  application  described  in  Section  5.3.5, 
where  a  higher  accuracy  was  required,  this  was  the  reason  for  using  a  strap-down  Inertial  system,  together 
with  a  dedicated  data  processing  in  a  ground  computer.  This  allows  a  batter  exploitation  of  the  full  poten¬ 
tial  accuracy  in  that  case. 

The  North  diruction  known  to  the  platform  computer  will,  in  general,  drift  slowly  with  time.  During 
the  first  few  hours  after  alignment  tha  error  will  generally  stay  within  0.1  degree,  which  la  sufficient 
for  most  short-range  trajectory  measurement  applications.  For  tsks-off  and  landing  measurements,  where 
often  many  runs  are  mude  during  ona  "test  flight",  It  may  ba  useful  to  realign  the  platform  about  every 
two  hours. 

The  accuracy  of  the  calculations  In  the  platform  computer  aleo  plays  a  role  in  many  teat  applications. 

In  principle,  ell  data  processing  esn  ba  dona  In  a  separate  flight  test  computer,  either  off-line  or  In 
real  time,  either  on  tho  ground  or  in  the  aircraft.  Such  data  processing  should  then  usa  as  Its  Inputs  the 
measured  accelerations  and  the  measured  pitch,  roll  and  hesdlng  anglsa.  With  an  ISS  a  different  approach  Is 
often  taken.  The  accelerations  must  be  sampled  at  a  rather  high  rats,  In  order  to  avoid  errors  (Including 
aliasing  of  vibrations  in  the  aircraft)  and  digital  acceleration  outputs  of  that  type  ara  usually  not  pro¬ 
vided  in  commercially  available  platforms.  It  has,  therefore,  advantages  to  use  the  Integrations  In  the 
platform  computer  to  obtain  velocity  or  position  outputs,  vhlch  ere  available  and  for  which  the  sampling 
rates  of  tho  platform  outputs  usually  are  sufficient  for  further  use  in  the  trajectory  calculation. 

Iti  practlcu ,  tho  velocity  outputs  of  the  platform  are  often  used,  as  the  normal  position  outputs  are  often 
rounded  end  will  not  provide  sufficient  accuracy. 

The  accuracy  of  tha  horizontal  channels  of  a  platform  is  sufficient  for  use  in  short-ranga  trajectory 
measurements  If  suitable  updates  ara  used  to  correct  for  the  Schuler  errors.  To  achieve  sufficient  accuracy 
in  the  vertical  channel  can  cause  more  problems.  There  are  three  reasons  for  that: 

-  For  some  types  of  measurements,  such  as  taks-off  and  landing  measurements,  the  accuracy  In  tha 
vertical  direction  must  be  significantly  higher  than  that  in  the  horizontal  dlractions  (sea 
Section  5.3.2),  Then  the  absolute  accuracy  of  tha  accelerometer  Is  approached  and  small  effects 
like  temperature  changes  can  significantly  sffect  ths  accuracy. 

-  The  horizontal  accelerations  that  munt  be  measured  are  close  to  zero  end  the  smell  uncertainty 

in  the  slope  of  the  calibration  curve  then  has  little  sffect  on  the  accuracy.  The  vertlcsl  sccs- 

-4 

lerntlon  varies  around  1  g  and  a  deviation  from  the  nominal  slope  of  10  there  causes  an  error 

^*1 

of  10  m/s2,  which  after  double  integration  ovsr  60  seconds  produces  an  error  of  1.8  metres.  Such 

errors  must  be  determined  by  vary  accurate  update  methods. 
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-  For  purposes  ot  nut mal  navigation,  for  which  Boat  of  the  platfornm  have  been  designed,  the  accu¬ 
racy  of  the  vertical  channel  is  of  less  Interest.  For  reasons  of  economy  the  vertical  accelero¬ 
meter  and  Its  integration  circuit  are  often  manufactured  to  a  somewhat  lower  quality  than  those 
of  the  horizontal  channels.  Often  no  Coriolis  correction  is  applied  In  the  vertical  channel, 
which  must  then  he  applied  during  processing. 

A  curious  example  of  problems  that  can  occur  in  a  vertical  channel  can  be  given  here  as  a  warning:  In  a 
platform  that  had  been  in  general  use  for  long-range  navigation  for  many  years,  rounding  errors  of  consi¬ 
derable  magnitude  occurred  In  the  vertical  channel  when  the  vertical  acceleration  differed  from  1  g.  This 
had  never  been  detected  until  the  platform  was  evaluated  for  application  In  short-runge  trajectory  measure¬ 
ments.  , 

In  summary  It  can  be  said  that  the  (partial)  use  of  the  calculations  In  the  platform  usually  has  Im¬ 
portant  advantages,  but  that  some  care  should  ba  taken,  especially  as  regards  the  vertical  channel. 


5.2.3  Update  procedures 

Update  techniques  have  been  applied  ever  since  inertial  systems  came  into  use  for  long-range  naviga¬ 
tion.  Re-alignment  of  a  platform  during  short  stops  on  ths  ground  has  always  been  a  standard  procedure  to 
maintain  the  best  accuracy.  Manual  updating  In  flight,  using  visual  cuss  or  radio  beacon  Information,  can 
ensure  a  good  accuracy  to  the  end  of  very  long  flights.  Automatic  in-flight  updating  has  more  recently  be¬ 
come  a  standard  feature  for  long-range  navigation.  For  flights  over  continental  areas  the  double-DME  or 
VOR/DME  updating  Is  a  standard  feature  in  modern  navigation  (see  e.g.  Ref. 54)  and  flight  management 
systems  and  global  systems  using  inputs  from  NAVSTAR  GFS  are  in  an  advanced  stage  of  development. 

These  techniques  do  not  attain  the  accuracies  that  are  required  for  precise  short-range  trajectory 
measurements.  For  those  applications  a  variety  of  special  updating  techniques  haB  been  developed,  some  of 
which  are  described  in  some  detail  In  Section  5.3.  The  choice  of  the  beBt  technique  depends  on  3  criteria: 

-  The  accuracy  that  is  required 

-  The  duration  of  the  test  run 

-  The  type  of  update  that  can  be  most  easily  obtained. 

When  assessing  the  effect  of  the  duration  of  the  test  on  the  accuracy,  it  muBt  be  realized  that  soma 
types  of  error  (e.g.  errors  In  the  calibration  of  the  accelerometer)  have  a  quadratic  effect  on  the  calcu¬ 
lated  distances.  For  tests  of  very  short  duration  (order  of  1  minute)  the  use  of  a  single  update  per  test 
run  for  each  parameter  is  often  sufficient  (see  e.g.  Section  5.3,1).  For  tests  with  a  duration  of  several 
minutes  (i.e.  still  short  with  respect  to  the  Schuler  period),  more  than  one  update  per  test  run  Is 
generally  necessary  (Section  5.3.3). 

The  type  of  update  Is  generally  chosen  such  that  it  can  be  obtained  without  too  much  effort.  For  take¬ 
off  and  landing  tests  the  periods  of  standstill  before  a  take-off  or  after  a  landing  can  be  conveniently 
used  for  updating.  The  update  Information  Is  then  obtslned  from  the  measured  velocities  and/or  accelerations 
during  standstill.  If  the  nature  of  the  test  does  not  allow  one  or  more  periods  of  standstill  per  test  run, 
then  other  sources  for  updating  must  be  found.  Sections  5.3.3  to  5.3.5  show  how  this  wss  done  In  specific 
cases. 

If  a  single  update  In  each  of  the  co-ordinate  directions  Is  used  per  test  run,  their  Introduction  Into 
the  data  processing  must  be  based  on  the  assumption  that  the  error  remains  constant  for  the  duration  of  the 
test  run.  If  two  updates  per  teBt  run  are  obtained,  as  in  the  method  of  Ref,  34  described  in  Section^. 3. 4, 
then  the  obvious  assumption  to  use  Is  that  the  error  In  the  updated  parameter  varies  linearly  with  tins  for 
the  duration  of  the  test  run.  Other  assumptions  are  possible:  if  It  Is  expected  that  a  constant  error  In 
the  acceleration  caused  the  difference  between  the  calculated  position  and  the  update,  then  a  quadratic 
change  of  a  distance  error  with  time  must  be  assumed. 

If  more  than  one  or  two  updates  par  test  run  are  available,  as  in  the  methods  described  in  Sections 

5.3.3  and  5.3.5,  more  complex  statistical  processes  of  trajectory  reconstruction  may  be  used  to  obtain  opti¬ 
mal  results.  In  those  methods  the  (linearized)  error  equations  of  the  platform  and  the  update  Information 
are  Incorporated  in  the  trajectory  reconstruction  algorithm.  There  is  an  extensive  literature  on  such 
methods,  of  which  Ref.  55  is  a  good  example.  In  practice,  the  methods  of  reconstruction  can  be  divided  into 
two  groups:  batch  methods  and  recursive  methods.  In  the  batch  methods  all  data  are  simultaneously  used  to 
reconstruct  the  trajectory  in  an  off-line  computer  processing.  The  recursive  processes,  of  which  the 
Kalman  filter  Is  the  beBt-Known  example,  use  each  data  point  in  sequence  to  Improve  and  extend  the  trajec- 
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tory  estimate  that  was  based  on  ali  previous  data  points.  They  are,  in  principle,  real-time  methods,  but 
the  first  trajectory  estimate  can  be  further  improved  by  an  off-line  reversed  processing  run  (fixed-inter¬ 
val  Kalman  filter/smoother).  The  Kalman  filter  technique  is  used  in  most  of  the  applications  reviewed  for 
this  AGARDograph.  A  good  discussion  of  these  techniques  is  given  in  Ref.  56.  Ref.  57  compares  the  results  of 
processing  the  same  data  by  a  batch  method  and  a  Kalman  filter  method;  it  is  shown  that  the  results  them¬ 
selves  and  the  computer  times  required  are  very  similar. 


5.3  Examples  of  trajectory  measurements  using  1SS 
5.3.1  Take-off  and  landing  teats  with  F-16 

Reference  58  describes  how  an  inertial  platform  was  used  for  the  flight  testing  of  the  F-16  aircraft. 
The  Delco  Carousael  ISS,  that  is  used  in  many  civil  and  military  aircraft  as  the  primary  navigation  system, 
was  slightly  modified  for  application  in  flight  testing.  The  main  modification  was  that  the  vertical  accel¬ 
eration  could  be  obtained  as  an  output  parameter.  The  report  on  its  use  in  take-off  and  landing  performance 
measurements  will  be  briefly  summarized  here. 

The  updating  was  done  once  for  each  test  run;  during  standstill  before  each  take-off  and  after  each 
landing.  Updates  ware  obtained  for  the  .horizontal  velocities  and  positions,  and  for  the  1  g  value  of  the 
vertical  acceleration.  These  provided  the  Integration  constants  for  the  trajectory  calculation,  in  which 
computations  by  the  platform  computer  were  used  where  available. 

Reference  58  docs  not  give  values  for  the  accuracy  that  was  achieved.  It  iu  stated,  however,  that 
"every  comparison  that  has  been  made  between  these  results  and  phototheodolite  data  have  shown  virtually 
identical  results". 
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5.3.2  The  STALINS  method  for  take-off  and  landing  trajectory  measurement 

This  method  (Ref.  17  and  47)  was  developed  by  the  MLR  in  response  to  a  request  for  a  method  for  the 
measurement  of  take-off  and  landing  trajectories  which  should  replace  the  nose  camera  method  used  at  that 
time.  The  new  method  should  meet  the  following  requirements: 

-  It  should  be  applicable  on  non-lnatrumantad  airfields, 

-  It  should  meet  the  requirements  for  the  certification  of  civil  transport  aircraft.  The  main 
requirements  ware  quantified  as  follows: 

-  The  standard  deviation  of  the  arror  in  the  measured  distance  along  the  runway  from  stand¬ 
still  to  the  point  where  the  aircraft  reaches  11  metres  height  (take-off)  or  from  15 
metres  height  to  standstill  (landing)  should  be  within  0.1  I  of  that  distance, 

-  The  standard  deviation  of  the  height  error  over  those  same  distances  should  be  within 
0. 15  metres, 

-  The  measurement  of  distance  and  height  should  continue  until  the  aircraft  reaches  a  height 
of  100  metres  (with  reduced  accuracy) , 

-  Final  results  should  be  available  within  24  hours  from  delivery  of  the  flight  tapes  to  the  data 
processing  station, 

-  It  should  be  as  far  as  possible  independent  of  weather  conditions  (especially  light  rain) . 

When  preliminary  tests  had  shown  the  feasibility  of  ISS  measurements  for  this  purpose,  an  evaluation 

was  made  using  a  platform  that  had  been  in  service  for  many  years  for  long-renge  navigation,  the  Litton 
LTN-58.  The  platform  does  not  provide  accurate  acceleration  outputs,  so  the  calculations  are  baaed  on  the 
velocity  outputs.  It  was  found  that  the  horizontal  distances  can  ba  calculated  with  sufficient  accuracy 
using  the  velocity  updates  at  standstill:  that  velocity  valus  la  subtracted  from  the  velocities  measured 
during  the  test  run  and  these  are  then  Integrated.  For  the  short  duration  of  the  test  run  (less  than  one 
minute)  the  rate  of  change  of  the  Schuler  motion  can  be  neglected,  though  the  computer  program  allows  a 
(relatively  time-consuming)  correction  if  required. 

Preliminary  tests  of  the  height  measurement  showed  that  using  only  the  period  of  standstill  to  esta¬ 
blish  the  vertical  update  cannot  provide  the  required  accuracy.  The  main  reason  is  that  the  period  of  stand¬ 
still  after  a  lauding  is  restricted  for  operational  reasons  to  3  seconds.  During  that  brief  period  it  is  im- 
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possible  to  me. o.iuo  the  rate  of  change  c'  Che  "Integral  of  vertical  acceleration"  with  Che  high  accuracy 
required.  A  rather  elaborate,  but  effective,  method  was  developed  to  solve  this  problem.  The  period  for 
.o.tablishlng  the  vertical  update  is  not  restricted  to  standstill  only,  but  also  includes  the  ground  run. 
During  that  periud  the  actual  height  of  the  platform  is  calculated  from  the  height  profile  of  the  runway 
(previously  established  by  survey  methods),  with  corrections  for  the  pitch  angle  of  the  airciaft  (measured 
by  the  platform)  and  the  change  in  the  length  of  the  undercarriage  (measured  by  an  accurate  radio  altimeter). 
This  actual  height  is  compared  with  the  double  integral  of  the  vertical  acceleration  in  a  second-order 
luast-squares  process.  The  coefficients  of  the  second-order  correction  equation  are  then  also  used  as  the 
update  during  the  remainder  of  the  test  run. 

In  order  to  determine  the  correct  value  of  the  runway  height  from  the  measured  profile,  the  measured 

a 

horizontal  distance  along  the  runway  (which  is  in  the  first  instance  Integrated  from  the  point  of  stand¬ 
still)  must  be  transformed  to  the  runway  co-ordinates  in  which  the  runway  height  profile  has  been  measured. 
That  is  done  using  a  small  radio  beacon  that  is  placed  beside  the  runway  at  a  point  of  which  the  runway  co¬ 
ordinates  are  known.  A  receiver  in  the  aircraft  produces  a  marker  in  the  on-board  recording  at  the  moment 
the  aircraft  passes  that  beacon. 

Data  processing  of  the  magnetic  tapes  recorded  on  board  is  done  in  a  ground  computer  and  is  fully 
automated.  The  computer  determines  the  points  of  standstill,  the  duration  of  the  ground  run  and  the  time 
the  radio  beacon  was  passed,  and  from  these  calculates  the  trajectory  and  the  components  of  the  velocity 
and  acceleration  in  three  directions. 

Tn  a  series  of  over  200  take-offs  and  landings  this  method  has  been  compared  with  other  methods,  main" 
ly  the  nose  camera  method.  The  results  (Ref.  47)  show  that  the  above-mentioned  requirements  are  met.  The 
method,  now  with  a  slightly  modified  Litton  LTN-76  platform,  will  be  used  in  the  near  future  for  the  certi¬ 
fication  of  new  aircraft  in  the  Netherlands. 


5.3.3  The  DFVLR  methods  of  trajectory  measurement 


The  German  research  institute  DFVLR  has  developed  several  methods  for  measuring  somewhat  longer  tra¬ 
jectories  (duration  of  several  minutes)  using  updated  ISS  data.  The  first  version  was  used  for  the  flight 
evaluation  of  the  MLS  version  developed  in  Germany  (Ref.  53,  Section  8.3).  The  updates  were  obtained  from 
measurements  with  klnetheodolites  and,  at  greater  distances,  from  a  tracking  radar.  For  the  height  measure¬ 
ments  pressure  altitude  was  also  used  as  an  update.  Data  processing  vas  done  in  a  ground  computer  using  a 
Kalman  filter  which  contained  a  simplified  version  of  the  platform  equations  of  motion.  The  overall  accu¬ 
racy  was  about  the  same  as  that  which  could  have  been  achieved  with  kinetheodolites  alone,  but  the  inclusion 
of  a  platform  ‘n  the  system  had  a  number  of  important  advantages: 

-  The  klnetheodollte  data  were  processed  at  8-second  Intervals,  Instead  of  the  one  or  two  pictures 
per  second  that  would  otherwise  have  to  be  processed.  This  meant  a  very  significant  reduction  in 
the  data  proceaalng  time, 

-  Small  disturbances  in  the  aircraft  trajectory,  that  were  important  in  the  analysis  for  which  the 
trajectory  measurements  ware  made,  were  shown  more  precisely, 

-  The  trajectory  beyond  the  range  of  the  kinetheodolites,  which  was  of  interest,  though  with  lower 
accuracy  requirements,  could  be  reconstructed  more  accurately. 

A  further  development  of  that  system  is  described  in  Ref.  59.  The  Kalman  filter  now  receives  data  from 
a  platform,  a  laser  tracker  and  a  precision  radar.  Data  processing  is  fully  automated.  Using  up/down  tele¬ 
metry  and  computers  with  periferals  both  in  the  aircraft  and  on  the  ground,  on-line  displays  of  the’trajec- 
tory  data  are  possible  both  in  the  aircraft  and  on  the  ground.  Final  (off-line)  processing  in  a  ground 
computer  will  improve  the  accuracy  of  the  results. 


5.3.4  Flight  Inspection  of  ILS  and  VOR 

During  a  flight  Inspection  of  an  ILS  or  VOR  the  aircraft  flies  certain  prescribed  trajectories.  The 
signals  received  from  the  beacons  are  compared  with  the  aircraft  position.  If  the  signals  are  outside 
specified  limits,  the  beacon  electronics  on  the  ground  must  be  readjusted  and  then  the  flight  procedure 
must  be  repeated.  Real-time  processing  of  the  data  is,  therefore,  essential  for  reducing  the  time  during 
which  the  aircraft  must  remain  available. 
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Until  recently  the  iLij.iit  ,  I  ll.i  at ions  were  mainly  based  on  the  use  ..1  optical  tracking  methods.  The 
flight  procedures  and  the  i.iuth.-.ln  of  measurement  are  described  in  Ref,  2'i.  Thu  methods  were  cumbersone  and 
prone  to  er’ors.  The  new  ineiti.il  technology  and  the  recent  possibilities  of  on-board  computing  have  made 
much  more  efficient  methods  possible.  These  methods  not  only  provide  more  tiiuuly  and  accurate  real-time 
results,  but  the  inertial  systi-.i,  when  coupled  to  the  autopilot  of  the  flight  inspection  aircraft,  also 
allows  more  accurate  flying  of  the  prescribed  trajectories.  Two  Buch  modern  methods  will  be  briefly  dis¬ 
cussed  here;  one  which  is  already  in  use  with  the  FAA  for  some  years  (Ref.  60)  and  one  which  became  opera¬ 
tional  in  the  Netherlands  in  1UU3. 

The  calibration  of  VORs  in  both  methods  is  very  similar  to  the  SAVVAN  method  described  in  Ref,  44, 
but  an  inertial  sensing  syptc.n  L11  included  in  the  on-board  system.  The  updates  are  obtained  from  several 
DME  stations  in  the  neighbourhood  of  the  VOR  that  is  calibrated.  In  both  newer  methods  data  processing  is 
done  in  real  time,  using  an  on-board  computer.  Ref.  43  gives  an  analysis  of  the  accuracy  that  is  obtained 
by  the  Netherlands  method  oi  VUK  calibration.  For  calibrating  ILS  both  methods  use  the  same  principle:  the 
aircraft  trajectory  is  obtained  Horn  the  ISS,  corrected  by  updates  at  both  thresholds  of  the  runway  for 
which  the  ILS  must  be  calibrated.  In  the  FAA  method  (Ref.  60)  the  moment  at  which  the  aircraft  passes  the 
threshold  and  Its  lateral  deviation  from  the  ideal  flight  path  are  observed  visually  and  the  height  1b 
measured  by  a  radio  altimeter.  After  each  test  run  the  visually  obtained  parameters  are  entered  into  the 
on-board  computer,  which  then  Immediately  presents  che  results  of  that  test  run.  The  method,  which  is 
already  in  use  with  the  FAA  tor  several  years,  is  said  to  give  great  satisfaction.  No  accuracy  figures 
have  been  published. 

The  method  used  in  the  Netherlands  is  similar  in  principle,  but  is  further  automated.  At  each  thres¬ 
hold  of  the  runway,  for  which  the  ILS  must  be  calibrated,  two  corner  reflectors  (see  Fig.  26)  are  placed, 
one  on  each  side  of  the  runway.  The  light  from  two  rows  of  infra-red  sources  mounted  on  the  aircraft  is 
reflected  by  the  corner  reflectors.  At  the  moment  the  aircraft  passes  a  threshold,  the  reflected  infra-red 
light  is  thrown  on  an  array  of  photocells  mounted  on  the  aircraft.  The  positions  of  the  corner  reflectors 
on  the  ground  are  entered  into  the  on-board  computer  before  the  flight  starts.  From  the  outputs  of  the 
individual  photocells  the  computer  can  then  calculate  the  height  of  the  aircraft  and  its  deviation  from 
the  ideal  line  at  the  moment  it  passed  the  threshold.  That  information  is  then  used  to  update  the  plstform 
position  measurements,  which  are  then  compared  with  the  received  ILS  signals.  The  computer  presents  the 
results  of  each  test  run  immediately  after  the  aircraft  has  passed  the  second  threshold.  The  dsta  are  sIbo 
recorded  for  detailed  analysis  oil  the  ground.  A  description  of  an  early  version  of  this  system  is  described 
In  Ref,  34,  In  Ref.  61  the  results  of  extensive  tests  are  given. 

Similar  systems  are  being  designed  in  other  countries.  Ref.  62  describes  a  French  approach. 


5.3.5  Performance  and  stability  measurement  in  non-statlonary 


In  the  previous  examples  mentioned  in  this  chapter  the  updates  were  used  to  obtain  a  more  accurate 
trajectory  with  respect  to  the  earth.  In  the  method  described  in  Ref.  63  and  64  the  update  procedure  Is 
used  to  calculate  the  best  trajectory  with  respect  to  the  air  surrounding  the  aircraft  during  flight.  The 
object  of  the  method  lb  to  determine  the  complete  lift-drag  polar  curve  of  an  aircraft  in  one  particular 
configuration  from  a  single  test  run  of  2  to  3  minutes.  The  manoeuvre  starts  by  flying  the  aircraft 
horizontally  at  the  minimum  practicable  airspeed  and  then  selecting  the  desired  power  setting.  The  aircraft 
accelerates  at  a  constant  rate  of  0.5  to  1  m/s 2  through  its  complete  speed  range:  the  acceleration  Is  kept 
constant  by  the  pilot  by  controlling  the  pitch  angle.  The  aircraft  is  then  decelerated  back  to  la*  speed 
and  horizontal  flight. 

The  performance  calculations  are  made  for  the  closely  controlled  accelerated  part  of  the  manoeuvre 
only.  The  accelerations  measured  by  the  (strap-down)  ISS  are  proportional  to  the  forces  acting  on  the  air¬ 
craft  along  the  3  body  axes.  The  aerodynamic  forces  acting  along  the  body  exes  are  then  calculated  by  sub¬ 
tracting  the  engine  thrust  components,  using  the  Information  supplied  by  the  manufacturer  (these  tests  are 
usually  executed  with  specially  calibrated  engines).  The  lift  and  drag  values  must  then  be  calculated  by 
transforming  the  aerodynamic  forces  to  the  air-flow  axlB  system,  using  the  incidence  and  slip  angles.  As 
the  values  of  these  angles  that  can  be  obtained  by  normal  methods,  such  as  vanes,  are  too  inaccurate,  a 
method  baaed  on  trajectory  measurement  is  used. 
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The  principle  of  this  method,  which  is  called  the  flight-path  reconstruction  method!  is  that  the 
trajectory  as  calculated  from  the  1SS  is  updated  using  accurate  height  and  airspeed  measurements  corrected 
for  lag  lit  the  tubing  and  for  position  error.  A  Kalman  filter/smoothar  algorithm  is  used  to  obtain  the 
trajectory  with  respect  to  the  surrounding  air  by  an  optimal  combination  of  Inertial  and  pressure  Inputs. 
The  incidence  and  slip  angles  can  then  be  determined  as  the  differences  between  the  attitude  angles  and 
the  flight  path  angles,  and  these  are  used  for  calculating  lift  and  drag. 

As  the  instrumentation  used  for  these  teats  must  have  a  large  dynamic  range  and  a  high  sampling  rata, 
the  flight-puth  reconstruction  method  can  also  be  used  to  calculate  stability  and  control  derivatives  from 
aircraft  responses  to  specially  designed  contrul  inputs.  For  further  details  see  Ref.  63  and  64. 
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APPENDIX  1 

THE  RUNWAY  CO-ORDINATE  SYSTEM 

The  height  of  an  aircraft  la  defined  aa  the  (vertical)  distance  of  the  aircraft  to  a  (curved)  plane, 
in  general  mean  sea  level.  The  climb  performance  of  an  aircraft  (a  related  to  the  rate  of  increaae  of 
potential  energy  with  respect  to  an  equipotential  plane  of  gravity.  For  the  short  diiitances  Involved  in 
take-off  and  landing  measurements,  these  two  planes  can  be  usaumed  to  coincide.  Therefore,  the  co-ordinate 
system  used  in  the  calculations  should  have  an  XZ  plane  which  is  vertical  thro.ugh  the  centre  line  of  the 
runway,  and  the  XY  plane  should  He  a  curved  plane  that  is  horizontal  at  every  point,  i.e.  it  should  follow 
the  curvature  of  the  earth. 

For  this  reason,  the  runway  co-ordinate  system  for  take-off  and  landing  performance  calculations 
should  be  defined  as  shown  in  figure  31.  The  X-axis  is  curved  and  follows  the  runwuy  centre  line,  the  Z 

distance  is  measured  along  the  local  vertical  at  every  point.  The  Y-axia  should,  in  principle,  be  curved 

also.  Aa  the  Y  distances  during  take-off  and  landing  measurements  are  generally  small,  the  Y-axla  can  for 
convenience  be  defined  as  a  straight  line  without  introducing  significant  errors.  The  origin  of  this 
Lambert  I  co-ordinate  system  la  usually  chosen  as  the  point  of  intersection  of  the  runway  centra  line  with 
one  of  the  runway  thresholds. 

Figure  32  illustrates  (not  to  scale)  the  importance  of  using  the  correct  co-ordinate  system.  There,  in 

addition  to  the  Lambert  I  X-uxia,  are  shown  two  possible  straight  X-axaa:  one  which  is  horizontal  at  the 

origin  of  the  co-ordinate  system  (system  1)  and  one  which  passes  through  both  thresholds  of  a  3000  m 
runway  (system  2).  The  differences  in  height  are  shown  in  figure  33.  It  will  be  seen  that  they  are  quite 
large  with  respect  to  the  accuracies  that  must  be  achieved.  In  the  horizontal  plane  the  differences  are 
negligible. 
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PERFORMANCE  REQUIREMENTS 

DATA 

DEMONSTRATION  AND 

SAMPLING 

ACCURACY 

TURN¬ 

AROUND 

DC-10  TEST  SITE 

CERTIFICATION  TEST 

RANGE 

(FT), 

TIME-0F-DAY 

RATE 

(S/SEC) 

POSITION 

(FT) 

VELOCITY 

(FT/SEC) 

TIME 

Taka-off  performance 

"  r  '  — 

Take-off  acceleration 

10,000 

early  morning 

5 

12 

10.5 

overnight 

EAFB,  YUMA  and 

Colorado  Springs 

Continuous  take-of 

10,000 

early  morning 

5 

12 

10.5 

overnight 

EAFB,  YUMA  and 

Colorado  Springs 

Rejected  take-off 

10,000 

early  morning 

5 

12 

10.5 

ovu  might 

EAFB  and  YUMA 

Landing  performance 

air  distance 

10,000 

early  morning 

5 

12 

10.5 

overnight 

EAFB  and  YUMA 

Ground  distance 

10,000 

early  morning 

5 

12 

10.5 

overnight 

EAFB  and  YUMA 

Thrust  reverser 

effectiveness 

10,000 

early  morning 

5 

11 

10.2 

overnight 

EAFB  and  YUMA 

Minimum  unstick 

speed  -  Vmu 

10,000 

early  morning 

10 

- 

10.5 

overnight 

EAFB  and  YUMA 

Flyover  noise 

30,000 

day  and  night 

2 

15 

12 

12-24  hr* 

YUMA  and 

San  Dlago 

Radio  altimeter 

(height) 

10,000 

daylight 

10 

11 

overnight 

YUMA  Accuracy 

Area  nav,  accuracy 

verification 

80,000 

day  or  night 

10 

150 

overnight 

YUMA 

Cat.  Ill  landing 

performance 

10,000 

daylight 

5 

il 

(offcenter) 

- 

overnight 

YUMA.PMD.SMF 

OAK.SCK.LS 

1LS  beam  definition 

80,000 

day  or  night 

20 

15 

- 

1-2  days 

YUMA 

Flare  profile 

Wind  shear  during 

10,000 

day  or  night 

20 

12 

- 

1-2  days 

YUMA 

autoland 

20,000 

daylight 

10 

“ 

11 

1-2  days 

YUKA 

Fig.  4  Tricking  requirement*  for  commercial  aircraft  flight  development 
(copied  from  Ref.  16) 
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Fig.  B  An  Askania  kinetheodolite  with  (right)  its  control  unit  and  (left) 
the  command  station 


Fig.  10  The  uee  of  a  telescope  of  an  Askonia  kinetheodolite 


Fig.  11  Picture  of  an  Askania  kinetheodolite ;  it  is  picture  number  747, 
the  loft  scale  indicates  an  uzimuth  of  38.79  grade,  the  right 
scale  an  elevation  of  23.63  grads 
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Kinetheodolitel 

Flash  light 
Shutter  command 
Shutter  contact  4 


Signal 

conditioning 


Demodulator 

Receiver 


Amplifier 

Modulator 

Transmitter 


Antenna  junction 


Control 

box 


Kinetheodolite  2 


Command  stat 


Fig.  12  Block  diagram  of  a  letup  with  two  klnetheodoli tea  connected  to 
the  command  station  by  radio 
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Distance  between  kinetheodolites 
Height  of  target  above  kinetheodolites 
Assumed  error  in  azimuth  and  elevation 


1000  m 
0  m 
10‘4radian 


Vm  (metres) 


—  —  -Lines  of  constant  error  Ax  in  the  direction  of  the  x-axis 

- Lines  of  constant  error  Ay  in  the  direction  of  the  y-axis 

--—Lines  of  constant  error  in  height  Az 


Flu.  13  Typical  graph  showing  kinetheodolite  errors  for  fixed  values  of  the 
distance  between  the  kinetheodolites  (1000  m) ,  height  of  the  target 
(0  m)  and  assuned  angular  errors  (10— •  radian) 


I 

i 


V-V-YA-y V,- 1  -a  a-Av-A-'  -d 

-v i.Vt  a>\ »»VA  -.\L‘  o  v i-Ailvlu'':.!  i\V-i ic.'/v.-'i.-V-.i'/tVv*. \I& 


63 


—agata.!;  v-.t-  m  t  i.  w.  v/i  vr.i  i  v\‘LV.v.v 

REPRODUCED  AT  GOVERNMENT  EXPENSE 


r.in  .-?BPl'TV»" 


j:  jw  ^jr.rr 


n:» i  rTDr  ri*  iwt 


MAGNETIC  TAPE 
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TAPE  RECORDER 


FILE  OF 
TIMING  DATA 


FILMS  FROM 

KINETHEODOLITE  1  KSNETHEODOLITE  2 


|  PRELIMINARY  CHECKS  | 

SELECTION  OF  DATA 
TO  BE  PROCESSED 


_ 

READING  OF  AZIMU 
PICTURE 

_ 

TH,  ELEVATION  AND 
NUMBER 

— 

FILE  OF 
PICTURE  DATA 


PROCESSING  IN  COMPUTER 


(5 


MAGNETIC  TAPE 


PRINTOUT 
OF  POSITIONS 
AND  SPEEDS 


GRAPHS 


ACTION 


DARKROOM 


FLIGHT  TEST  DEPT 
DATA  PROCESSING  DEPT 


FILM  READING 


COMPUTER 


RESULTS 


Fig.  14  Block  diagram  of  klnetheodolite  processing 
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Fig.  16  Example  of  u  picture  of  the  Fairchild  FDF  A-044  camera 
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Fig.  22  Principle  of  the  aide- looking  on-board  camera 
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a.  PICTURE  FOR  Ifim 0,  d=0  AND  V=0 


Fig.  23  Picture  and  aimplified  calculation  for  the  aide-looking  on-board 
camera 
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Fig.  24  Basic  letup  of  a  trajectory  measurement  system  using  a  laser 
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Fig.  25  Block  diagram  of  a  trajectory  measuring  system  using  a  laser 
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Annex  1 

AGARD  FLIGHT  TEST  INSTRUMENTATION  AND  FLIGHT  TEST  TECHNIQUES  SERIES 


1 .  Volumes  in  the  AGARD  Flight  Test  Instrumentation  Series,  AGARDograph  160 

Volume 

Number 

Title 

Publication 

Date 

1. 

Basic  Principles  of  Flight  Test  Instrumentation  Engineering 
by  A.Pool  and  D.Bosman 

1974 

2. 

In-Flight  Temperature  Measurements 
by  F.Trenkle  and  M.Reinhardt 

1973 

3. 

The  Measurement  of  Fuel  Flow 
by  J.T.France 

1972 

4. 

The  Measurement  of  Engine  Rotation  Speed 
by  M.Vedrunes 

1973 

s. 

Magnetic  Recording  of  Flight  Test  Data 
by  G.E.Bennett 

1974 

(>. 

Open  and  Closed  Loop  Accelerometers 
by  I. McLaren 

1974 

7. 

Strain  Gauge  Measurements  on  Aircraft 
by  E.Kottkamp,  H.Wilhelm  and  D.Koh! 

1976 

8. 

Linear  and  Angular  Position  Measurement  of  Aircraft  Components 
by  J.C.van  der  Linden  and  H.A.Mensink 

1977 

9. 

Aeroleastic  Flight  Test  Techniques  and  Instrumentation 
by  J.W.G.van  Nunen  and  G.Piazzoli 

1979 

10. 

Helicopter  Flight  Test  Instrumentation 
by  K.R.Ferrell 

1980 

11. 

Pressure  and  Flow  Measurement 
by  W.Wuest 

1980 

12. 

Aircraft  Flight  Test  Data  Processing  —  A  Review  of  the  State  of  the  Art 
by  L.J.Smith  and  N.O.Matthews 

1980 

13. 

Practical  Aspects  of  Instrumentation  System  Installation 
by  R.W.Borek 

1981 

14. 

The  Analysis  of  Random  Data 
by  D.A.Williams 

-1982 

15. 

Gyroscopic  Instruments  and  their  Application  to  Flight  Testing 
by  B.Stielerand  H.Winter 

1982 

16. 

Trajectory  Measurements  for  Take-off  and  Landing  Test  and  Other  Short-Range  Applications 
by  P.de  Benque  d’Agut,  H.Riebeek  and  A.Pool 

1984 
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A  i  tin-  unit.-  ul  publication  of  the  present  volume  the  billowing  volumes  were  in  preparation: 

Flight  Test  Instrumentation  Analog  Signal  Conditioning 
by  D.W.Veatch 

Microprocessor  Applications  in  Airboi  ne  Flight  Test  Instrumentation 
by  M.Prickett 


2.  Volumes  in  the  AGARD  Flight  Test  Techniques  Series 


Title 

i 

Publication 

Date 

AG  237 

Guide  to  In-Flight  Thrust  Measurement  of  Turbojets  and  Fan  Engines 
by  the  MIDAP  Study  Group  (UK) 

1979 

The  remaining  volumes  will  be  published  as  a  sequence  of  Volume  Numbers  of  AGARDograph  300. 

Volume 

Number 

Title 

Publication 

Dale 

1. 

Calibration  of  Air-Data  Systems  and  Flow  Direction  Sensors 
by  J.A.Lawford  and  K.R.Nippress 

1983 

2. 

Identification  of  Dynamic  Systems 
by  R.E.Maine  and  K.W.Iliff 

1984 

At  the  time  of  publication  of  the  present  volume  the  following  volumes  were  in  preparation: 

Identification  of  Dynamic  Systems.  Applications  to  Aircraft 

Part  1 :  The  Output  Error  Approach 
by  R.E.Maine  and  K.W.Iliff 

Identification  of  Dynamic  Systems.  Applications  to  Aircraft 

Part  2:  Nonlinear  Model  Analysis  and  Manoeuvre  Design 
by  J.A.Mulder  and  J.H.Breeman 

Flight  Testing  of  Digital  Navigation  and  Flight  Control  Systems 
by  F.J.Abbink  and  H.A.Timmers 

Determination  of  Antenna  Pattern  and  Radar  Reflection  Characteristics  of  Aircraft 
by  H.Bothe  and  D.Macdonald 

Stores  Separation  Flight  Testing 
by  RJ.Arnold  and  C.S.Epstein 

Techniques  and  Devices  Applied  in  Developmental  Airdrop  Testing 
by  H  J.Hunter 

Aircraft  Noise  Measurement  and  Analysis  Techniques 
by  H.H.Heller 

Air-to-Air  Radar  Flight  Testing 
by  R.E.Scott 

Use  of  Airborne  Scientific  Computers  in  Flight  Test  Techniques 
by  R.Langlade 

Flight  Testing  under  Extreme  Environmental  Conditions 
by  C.L.Hendrickson 


J-  •  «-  •.w.itr  :  w -f.-i  irwn  w\i m  m’  M-'I  r'lrjvrnp’miK;  wv^--i^*rnw\7v-c'r-3’ireTrj>ro»rjT-a''T^'T-3  srr’ff'n ■wr»'r»Ti  WJ.-TTTT3 to.wsb^ 

REPRODUCED  AT  GOVERNMENT  EXPENSE 

A2-1 


Annex  2 

AVAILABLE  FLIGHT  TEST  HANDBOOKS 


This  annex  is  presented  to  make  readers  aware  of  handbooks  that  are  available  on  a  variety  of  flight  test  subjects  not 
necessarily  related  to  the  contents  of  this  volume. 


Requests  for  A&AEE  documents  should  be  addressed  to  the  Technical  Information  Library,  St  Mary  Cray.  Requests 
for  US  documents  should  be  addressed  to  the  DOD  Document  Centre  (or  in  one  case,  the  Library  of  Congress). 
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NATC-TM76-ISA 

Simpson,  W.R. 

Development  of  a  Time-Variant  Figure-of-Merit  for  Use 
in  Analysis  of  Air  Combat  Maneuvering  Engagements 

1976 

NATC-TM76-3SA 

Simpson,  W.R, 

The  Development  of  Primary  Equations  for  the  Use  of 
On-Board  Accelerometers  in  Determining  Aircraft 
Performance 

1977  i 

1 

NATC-TM77-IRW 

Woomcr,  C. 

Carieo,  D. 

A  Program  for  Increased  Flight  Fidelity  in  Helicopter 
Simulation 

1977 

NATC-TM77-2SA 

Simpson,  W.R. 
Oberle,  R.A. 

The  Numerical  Analysis  of  Air  Combat  Engagements 
Dominated  by  Maneuvering  Performance 

1977  ' 

NATC-TM77-1SY 

Gregoire,  H.G. 

Analysis  of  Flight  Clothing  Effects  on  Aircrew  Station 
Geometry 

1 

1977 

! 

NATC-TM78-2RW 

Woomer,  G.W. 
Williams,  R.L. 

Environmental  Requirements  for  Simulated  Helicopter/ 
VTOL  Operations  from  Small  Ships  and  Carriers 

1978 

NATC-TM78-1 RW 

Yeend,  R. 

Carieo,  D. 

A  Program  for  Determining  Flight  Simulator  Field-of-View 
Requirements 

1978 

NATC-TM79-3SA 

Chapin,  P.W. 

A  Comprehensive  Approach  to  In-Flight  Thrust 
Determination 

1980 

NATC-TM79-3SY 

Schiflctt,  S.G. 
Loikith,  G.J. 

Voice  Stress  Analysis  as  a  Measure  of  Operator  Workload 

1980 

NWC-TM-3485 

Rogers,  R.M. 

Six-Degree-of-Freedom  Store  Program 

1978 

WSAMC-AMCP  706-204 

- 

Engineering  Design  Handbook,  Helicopter  Performance 
Testing 

1974 

NASA-CR-3406 

Bennett,  R.L.  and 
Pearsons,  K.S. 

Handbook  on  Aircraft  Noise  Metrics 

1981 

Pilot’s  Handbook  for  Critical  and  Exploratory  Flight 

Testing,  (Sponsored  by  AIAA  &  SETP  -  Library  of 

Congress  Curd  No.76-1 89165) 

1972 

A&AEE  Performance  Division  Handbook  of  Test  Methods 
for  Assessing  the  Flying  Qualities  and  Performance  of 
Military  Aircraft.  Vol.l  Airplanes 

1979 

A&AEE  Note  2111 

Appleford,  J.K. 

Performance  Division:  Clearance  Philosophies  for  Fixed 

Wing  Aircraft 

1978 

■v 


a:-: 


w  u» ■l'-w  rvuTixTiTin c-« .Tnrr^’trw.Tr-i' rTi’mf-iT-w.crw.u^'i ' vv r%nrvnr.v 1  r^v "in  VTV1  ■  ~\TV ’VT^; T VJ.Vfl 

REPRODUCED  AT  GOVERNMENT  EXPENSE  ] 


Number 

Author 

Title 

Date 

A&AI.L  Note  21 13  (Issue  2) 

Norris,  H.J. 

Test  Methods  and  Flight  Safety  Procedures  for  Aircraft 

Trials  Which  May  Lead  to  Departures  from  Controlled 

Flight 

1980 

AFFTC-TD-7S-3 

Muhlum,  R. 

Flight  Measurements  of  Aircraft  Antenna  Patterns 

1973 

AFFTC-T1H-76-1 

Recser,  K. 
Brinkley,  C.  and 
Plews,  L. 

Inertial  Navigation  Systems  Testing  Handbook 

1976 

AFFTC-TH 1-79-1 

4 

USAF  Test  Pilot  School  (USAFTPS)  Flight  Test  Handbook. 
Performance:  Theory  and  Flight  Techniques 

1979 

AFFTC-TIH-79-2 

USAFTPS  Flight  Test  Handbook.  Flying  Qualities: 

Theory  (Vol.  1 )  and  Flight  Test  Techniques  (Vol.2) 

1979 

AFFTC-T1M-81-1 

Rawlings,  K.,  Ill 

A  Method  of  Estimating  Upwash  Angle  at  Noseboom- 
Mounted  Vanes 

1981 

AFFTC-T1H-81-1 

Plows,  L,  and 
Mandt,  G. 

Aircraft  Brake  Systems  Testing  Handbook 

1981 

AFFTC-T1H-81-5 

DeAnda,  A.G. 

AFFTC  Standard  Airspeed  Calibration  Procedures 

1981 

AFFTC-TIH-81-6 

Lush,  K. 

Fuel  Subsystems  Flight  Test  Handbook 

1981 

AFEWC-DR  1-81 

Radar  Cross  Section  Handbook 

1981 

N  ATC-TM7 1 -1SA226 

llewett,  M.D. 
Galloway,  R.T. 

On  Improving  the  Flight  Fidelity  of  Operational  Flight/ 
Weapon  System  Trainers 

1975 

NATC-l  M-TPS76-1 

Bowes,  W.C. 

Miller,  R.V. 

Inertially  Derived  Flying  Qualities  and  Performance 
Parameters 

1976 

NASA  Ref.  Publ.  1008 

Fisher,  F.A. 
Plumer,  J.A. 

Lightning  Protection  of  Aircraft 

1977 

NASA  Ref.  Publ.  1046 

Gracey,  W. 

Measurement  of  Aircraft  Speed  and  Altitude 

1980 

NASA  Ref.  Publ.  1075 

Kalil,  F. 

Magnetic  Tape  Recording  for  the  Eighties  (Sponsored  by; 
Tape  Head  Interface  Committee) 

1982 

The  following  handbooks  are  written  in  French  and  are  edited  by  the  French  Test  Pilot  School  (EPNER  Ecole  du 
Personnel  Navigant  d’Essais  et  de  Reception  ISTRES  -  FRANCE),  to  which  requests  should  be  addressed. 


Number 

EPNER 

Reference 

Author 

Title 

Price  (1983) 
French  Francs 

Notes 

n 

G. Leblanc 

L’analyse  dimensionnelle 

20 

R66dition  1977 

7 

EPNER 

Manuel  d’exploitation  des  enregistrements  d’Essais 
en  vol 

60 

66me  Edition  1970 

8 

M. Durand 

La  m^canique  du  vol  de  Thdlicoptere 

155 

lere  Edition  1981 

12 

C.Laburthe 

Mecanique  du  vol  de  1’avion  appliqu$e  aux  essais  en 
vol 

160 

R£6dition  en  cours 

15 

A.Hisler 

La  prise  en  main  d’un  avion  nouveau 

50 

ISre  Edition  1964 

rt~.-w  nTriFTHTTlTT'"V3 


REPRODUCED  A  f  GOVERNMENT  EXPENSE 

A2-3 

Number 

ftnfr 

licjereiu  c 

Author 

Title 

Price  ( 1 9b'. i) 
French  Francs 

Notes 

In 

Candau 

Programme  d’essais  pour  Evaluation  d’un  Mlicoptere  20 

et  d’un  pilote  automatique  d’hdlicoptere 

2eme  Edition  1970 

C'attanco 

Cours  de  mytrologie 

45 

Riedition  1982 

24 

G.Frayssc 

F.Cousson 

Pratique  des  essais  en  vol  (en  3  Tomes) 

< 

T  1  -  160 

T  2  =  160 

T3  =  120 

lyre  Edition  1973 

25 

EPNER 

Pratique  des  essais  en  vol  h£licopt6re  (en  2  Tomes) 

T  1  =  ISO 

T  2  -  150 

Edition  1981 

26 

J.C.  Wanner 

Bang  sonique 

60 

31 

Tarnowski 

Inertie-verticale-sdcurit6 

50 

lyre  Edition  1981 

32 

B.Pennacchioni 

A£ro61asticiti5  -  le  flottement  des  avions 

40 

lfere  Edition  1980 

33  ' 

C.Lelaie 

Les  vrilles  et  leurs  essais 

110 

Edition  1981 

37 

S.Allenic 

Electricity  4  bord  des  a^ronefs 

100 

Edition  1978 

53 

J.C. Wanner 

Le  moteur  d’avlon  (en  2  Tomes) 

T  1  Le  r6acteur  . 

T  2  Le  turbopropulscur . 

85 

85 

Ryydition  1982 

55 

De  Cennival 

Installation  des  turbomoteurs  sur  hyiicoptdres 

60 

2ymc  Edition  1980 

63 

Gremont 

Aper^u  sur  les  pneumatiques  et  leurs  proprtetys 

25 

3yme  Edition  1972 

77 

Gremont 

L’attcrrissage  et  le  prohleme  du  freinage 

40 

26me  Edition  1978 

82 

Auffret 

Manuel  de  m6decine  aiironautique 

55 

Edition  1979 

85 

Monnier 

Conditions  de  calcul  des  structures  d’avions 

25 

lyre  Edition  1964 

88 

Richard 

Technologie  luSlicoptere 

95 

Ryydition  1971 
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14.  Abstract 


This  AC  ARDograph  presents  a  re  .w  of  the  methods  that  ate  used  for  short-range  trajectory 
measurements.  Chapter  2  briefly  reviews  the  instrumentation  requirements  of  the  applications: 
take-off  and  landing  performance  measurement,  autoland  performance  measurement,  noise 
measurement  and  flight  inspection  of  radio  beacons.  The  remainder  of  the  AGARDograph 
discusses  the  methods  used  for  such  applications,  and  is  subdivided  into  optical  methods 
(including  lasers),  me'hods  using  radio  or  radar  and  methods  using  inertial  sensing. 
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